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1.3  Statement  of  Work 

1.3.1  Abstract 


This  project  involved  the  development  of  a  biosensor  based  on  a  carbon  and  polymer 
micro-electromechanical  system  (CPMEMS).  The  design  of  the  system  allowed  for 
incorporation  of  multiple  bio-detection  strategies  with  a  number  of  different  biological  detection 
elements  such  as  proteins,  antibodies,  or  oligonucleotides.  The  system  was  designed  such  that  an 
array  of  CPMEMS  structures  would  serve  as  the  multiple  strategy  bio-detection  sensor  platform 
comprised  of  micro-bridges.  It  would  have  the  advantages  of  being  autonomous,  with  quick 
response  and  high  selectivity,  as  well  as  low  cost. 

The  CPMEMS  pixels  that  are  incorporated  in  this  broadband  platform  have  piezoresistive 
properties  that  are  used  as  the  transducer,  which  offers  label  free  detection  of  biological  or 
chemical  reactions.  For  instance,  a  biochemical  reaction  on  the  piezoresistive  (pixel)  surface  can 
be  monitored  as  a  surface  deformation  change  or  a  change  in  the  vibrational  properties.  The 
change  in  surface  properties  is  then  converted  into  an  electrical  signal  through  the  piezoresistive 
material.  This  electrical  signal  is  analyzed  by  underlying  CMOS  eircuits  and  monitored  by 
simple  instrumentation.  The  change  in  surface  stress  of  the  CPMEMS  structure  is  related  to  the 
change  of  Gibbs'  free  energy  during  the  molecular  interaction  between  the  target  antigen  and  the 
'detector  film'  [1].  Therefore  the  pixels  can  be  used  for  detection  of  a  wide  variety  of  bacterial, 
viral,  and  toxic  agents. 

The  multiple-strategy  bio-detection  platform  will  include  systems  that  were  developed  by 
the  Missouri  State  University  and  systems  that  were  developed  by  our  corporate  partners  and 
collaborators;  Brewer  Science,  Inc  (BSI),  located  in  Rolla,  MO  and  Crosslink,  Inc  located  in  St. 
Louis,  MO.  One  platform  strategy  is  the  use  of  a  chemical  release  electro-active  polymer  to 
perform  sense  and  release  experiments.  For  example,  if  a  certain  experiment  yields  a  positive 
result  that  is  not  sufficiently  selective,  a  polymer  element  may  be  electrically  biased  to  release  a 
specific  drug  or  chemical  (e.g.  fluorescein  tags)  to  bind  with  the  antigen  for  increased  selectivity. 
Multiple  experiments  can  be  accommodated  on  the  same  bio-detection  sensor  platform.  In 
conjunction  to  a  broad-band  biological/chemical  detection  system,  a  bio-collection  system  was 
also  developed.  A  unique  collection  system  was  designed  to  capture  antigens  in  the  air  or  water, 
and  perform  sample  particle  size  separation  and  concentration  using  an  ultrasonic  cracking 
technique. 

Tfris  biosensor  broadband  platform  approach  can  serve  as  a  foundation  for  further 
development,  and  as  a  starting  point  for  new  technologies.  The  focus  of  this  project  was  to 
produce  a  generalized  system  or  substrate  of  transducers  that  can  be  applied  to  many  emerging 
bio-detection  strategies.  We  will  demonstrate  feasibility  with  well  known  methods  of  detection 
as  well  as  many  other  new  detection  strategies  that  can  be  accommodated  on  this  platform. 
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1.3.2  Discussion 


1.3.2.1  General  Passive  Technology 

To  create  the  link  between  the  biological  world  and  the  MEMS  electronics  world  to 
develop  a  novel  biosensor,  a  metal  and  carbon/polymer-based  material  was  utilized  to  develop 
the  earbon  and  polymer  MEMS  or  CPMEMS  devices  that  would  bridge  the  two  worlds.  The 
significant  advantage  of  using  CPMEMS  structures  instead  of  traditional  Si  based  MEMS 
structures  is  the  known  biocompatibility  of  the  CPMEMS  surface  [2],  These  CPMEMS 
structures  can  be  easily  fabricated  using  standard  microlithography  techniques. 

The  CPMEMS  devices  were  fabrieated  using  a  carbon/polymer/metal  cluster  composition 
with  electronic  properties  that  are  critically  dependent  on  vibrations  [3]  or  surface  acoustic 
waves  (SAW)  [4].  A  study  was  performed  using  the  polymer  poly(styrene-eo-acrylonitrile) 
(PSA)  and  the  metal  gold  (Au).  A  set  of  varying-thickness  Au-films  were  thermally  evaporated 
onto  poly(styrene-co-acrylonitrile)  thin  film  surfaees.  The  Au/PSA  bi-layer  targets  were  then 
implanted  with  50  keV  N+  ions  to  a  dose  of  IxlO’^  ions/cm^.  The  eleetrical  eonductivity,  film 
microstrueture,  and  elemental  diffusion/mixing  within  the  Au/PSA  interface  were  then  evaluated. 
Electrical  conductivity  measurements  of  the  implanted  Au/PSA  thin  films  show  a  sharp 
percolation  behavior  versus  the  pre-implant  Au-film  thickness  with  a  percolation  threshold  near  a 
nominal  Au  thickness  of  44  A. 
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Figure  1:  Sheet  resistance  vs.  pre-implant  Au-thickness 
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Figure  1  above,  is  a  comparison  of  sheet  resistance  (Q/sq)  as  a  function  of  the  pre¬ 
implant  Au-thickness  before  and  after  ion  implantation.  The  sharp  transition  betw^een  40  A  and 
50  A  of  Au  pre-implant  where  the  sheet  resistance  decreases  over  four  orders  of  magnitude  is 
significant  because,  it  is  here  in  the  sharp  percolation  region  where  the  material  has  the 
appropriate  microstructure  that  is  ideal  for  sensitivity  to  vibration  and  will  be  useful  for  SAW 
devices. 

Figure  2  shows  the  relative  resistance  change  as  a  function  of  temperature  for  the 
implanted  Au/PSA  bi-layer  thin  films.  The  thicknesses  below  the  transition  exhibit 
semiconductor-like  curves  and  the  thicknesses  above  the  transition  have  metallic  curves,  which 
again  reinforce  that  the  material  is  moving  through  a  critical  transition  as  the  pre-implant 
thickness  of  gold  is  increased.  Because  of  the  microstructure  and  hopping  conduction 
mechanism,  that  is  highly  sensitive  to  the  relative  proximity  of  the  hop  sites  [3],  these  materials 
are  sensitive  to  vibration  and  look  very  promising  for  sensors  using  surface  acoustic  waves. 
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Figure  2:  Relative  resistance  change  as  a  function  of  temperature 


Two  ion  beam  analysis  techniques;  Rutherford  Backscattering  Spectrometry  (RBS)  and 
Elastic  Recoil  Detection  (ERD)  were  used  to  measure  Au  and  H-content,  respectively,  in  the 
targets.  Figure  3  (top),  shows  the  measured  H-content  in  the  Au/PSA  films  as  a  function  of  the 
pre-implant  Au-thickness.  The  results  show  that  ion  implantation  liberated  H-content  in  the  PSA 
(CiiHiiN)  films  by  approximately  30%  thereby  creating  the  C-rich  network.  Figure  3  (bottom). 
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shows  the  measured  Au-content  in  the  Au/PSA  films  as  a  function  of  the  pre-implant  Au- 
thickness.  The  plot  depicts  an  approximate  20%  loss  of  Au  during  the  implant  process.  This 
indicates  that  not  the  entire  pre-implant  Au  layer  is  embedded  into  the  PSA;  some  is  sputtered  off 
during  ion  implantation. 
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Figure  3:  RBS  data  (top)  and  ERD  Data  (bottom) 


Figure  4  shows,  pictorially  utilizing  a  scanning  electron  microscope  (SEM),  the 
microstructure  evolution  as  the  gold  pre-implant  thickness  increases.  When  no  Au  is  present  the 
implanted  polymer  is  a  consistent  hydrogen-depleted  carbon  network.  It  is  this  carbon  network 
that  is  believed  to  make  the  polymer  harder,  more  conductive,  and  more  resistive  to  mechanical 
wear  and  chemicals.  When  the  Au  film  is  very  thin  (20  A)  the  implanted  Au-particles  are 
isolated  from  each  other  (~100  nm  apart)  and  the  resistivity  is  high  (semiconductive-like 
material).  Au  particles  are  light  colored  and  the  implanted  PSA  regions  are  dark. 
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Figure  4:  SEM  images  of  microstructure  evolution 

As  the  pre-implant  Au-film  grows  thicker  (45  A),  the  initially  separated  Au-particles  start 
to  form  Au-islands  (clusters)  and  the  distance  between  these  conducting  clusters  gets  smaller  and 
smaller.  This  is  the  transition  region  or  steep  portion  of  Figure  1.  The  electrical  conduction 
behavior  is  moving  through  a  semi  conductive  to  metallic  transition.  As  the  Au-thickness 
continues  to  increase,  these  conducting  islands  start  to  overlap  and  finally  form  a  nearly 
continuous  Au-film  (75  A).  As  a  result,  the  electrons  are  free  to  move  within  the  continuous  Au- 
film  (metallic  conduction). 

Below  in  Figure  5  are  some  images  taken  of  the  Au/PSA  composite  material  at  45  A  of 
pre-implanted  Au.  The  first  image  shows  a  2D  representation  of  the  topographical  data  of  the 
implanted  Au-45A/PSA  sample  surface.  While  the  image  at  the  bottom  shows  a  3D 
representation  of  the  surface  topography  of  the  same  sample.  This  helps  us  to  better  understand 
the  microstructural  evolution  of  the  Au/PSA  composite  materials  as  the  pre-implant  gold 
thickness  is  increased  through  the  transition  region.  It  also  helps  verify  that  what  we  are  seeing 
with  the  SEM  micrographs  are  consistent  with  a  different  form  of  imaging  micron  and  sub¬ 
micron  surfaces.  The  ion  implantation  of  the  surface  actually  smoothes  the  surface  and  thus 
allows  for  clean  biological  and  chemical  element  binding  sites. 
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Figure  5:  AFM  images  of  Au/PSA  composite  material 
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1.3.2.2  Device  Fabrication 

The  device  fabrication  process  for  the  CPMEMS  structures  involved  engineering  of  the 
appropriate  carbon/polymer/metal  cluster  composition  on  the  surface  of  the  CPMEMS  to  have 
electronic  properties  that  are  critically  dependent  on  vibrations  [5]  or  surface  acoustic  waves 
(SAW)  [6],  and  optimizing  of  the  process  to  generate  the  appropriate  microstruture  of  the 
CPMEMS  [6],  The  completed  CPMEMS  microstructures  consists  of  carbon  polymer-based 
freestanding  bridge  25  pm  square,  which  will  serve  as  the  bio-compatible  material  upon  which 
biological  detection  elements  such  as  proteins,  antibodies,  or  oligonucleotides  could  be  attached. 

The  CPMEMS  structure  shown  in  Figure  6  was  one  of  the  original  demonstrations  of  the 
collaborative  effort  between  University  and  BSI  to  fabricate  a  carbon  polymer-based,  ion 
implanted  freestanding  bridge  with  pixel  sizes  of  10-20  microns  square  [7,8].  This  CPMEMS 
platform  would  then  serve  as  a  foundation  for  a  broadband  array  of  sensors  where  pixels  may 
have  proteins,  antibodies,  oligonucleotides,  or  other  biological/chemical  sensing  systems 
attached  to  the  surface. 


Figure  6:  SEM  image  of  a  free  standing  carbon  and  polymer  bridge 


a.  CPMEMS  layer  fabrication  procedure 

To  create  the  CPMEMS  freestanding  bridge  structures,  a  microlithography  process  was 
developed.  The  following  schematic  steps  depict  the  process  that  was  developed  and  refined  to 
create  the  CPMEMS  structures.  A  number  of  different  strategies  were  employed  and  tested  to 
develop  the  bridge  structures  as  was  stated  in  previous  interim  reports,  but  it  was  the  following 
set  of  microlithography  steps  that  was  found  to  exhibit  the  best  results. 

Steps  one  through  six  depict  the  procedures  required  to  create  the  free-standing  bridges. 
Step  one  consisted  of  a  76  mm  [Si  +  Si3N4(~2,000  A  thick)]  wafer  that  had  a  tri-layer  deposited 
onto  it  which  consisted  of  300  A  Cr,  2000  A  Au  and  2.5 pm  of  SiOa.  The  Cr  acts  as  an  adhesion 
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layer  between  the  Si  +  Si3N4  surface  and  the  Au.  The  Si02  used  in  the  fabrication  of  the 
CPMEMS  structures  was  deposited  via  an  e-beam  deposition  system  that  was  set  up  for  the 
specific  purpose  of  depositing  greater  thicknesses  of  Si02  in  shorter  periods  of  time  compared  to 
other  deposition  techniques  such  as  RF  magnetron  sputtering.  The  deposition  of  the  Si02  layer 
was  to  act  as  an  insulating  and  sacrificial  layer.  The  insulating  nature  of  Si02  prevents  Au  from 
being  deposited  in  certain  unwanted  areas  during  electroplating.  Step  2  comprised  of  patterning 
the  Si02  to  create  the  wells  where  the  Au  pillars  would  be  grown,  and  step  3  correspondingly 
was  where  the  2.5 p,m  Au  pillars  were  electroplated.  In  step  4,  once  the  Au  pillars  were 
electroplated  up  to  the  plain  of  the  Si02,  the  polymer  material  was  spin  coated  onto  the  surface 
and  then  patterned  such  that  a  bridge  lay  across  the  two  electroplated  Au  pillars.  In  step  5  the 
remaining  Si02  layer  is  removed  such  that  an  air  cavity  is  created  under  a  free  standing  polymer 
bridge.  Lastly,  in  step  6  the  Cr  and  Au  seed  layers  are  removed  to  isolate  the  bridge  structures 
from  each  other. 


Step  1:  Deposit  300  A  Cr  and  2000  A  Au  and  2.5pm  of  Si02  on  silicon  wafers  purchased  with 
silicon  nitride  deposited  on  them  (-2,000  A  thick) 
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Step  2:  Selective  wet  etch  of  the  SiOa  down  to  the  Au  seed  layer  to  create  the  wells  for 
electroplating  the  2.5  pm  Au  pillars 


Side  View 


Top  View 
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Step  3:  Electroplate  the  Au  pillars  up  to  2.5  pm  such  that  they  are  in  the  plane  with  the  Si02 
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Step  4:  Patterning  of  the  carbon  polymer  material  between  the  Au  pillars 
Side  View 

Top  View 

B  Si  B  Cr  B  Au 

B  Si02  B  Polymer 


B 

Si 

B 

Polymer 

B 

Cr 

B 

Au 

12 


Multiple  Strategy  Bio-Detection  Sensor  Platforms  made  from  Carbon  and  Polymer  Materials 

Center  for  Applied  Science  and  Engineering,  Missouri  State  University,  Springfield  MO 


■  Si  ■  Cr 

■  Au  ■  Polymer 


b.  Fabricated  CPMEMS  structures 

Below  are  some  a  series  of  SEM  micrographs  of  the  fabrication  steps  for  developing  the 
CPMEMS  bridge  structures  that  were  outlined  above.  Figiu-es  (7-10)  show  the  generalized  steps 
from  creating  the  wells  in  Si02  to  allow  for  the  building  up  of  the  Au  pillars,  to  actually  building 
up  the  Au  pillars  via  electroplating,  to  patterning  the  carbon  polymer  bridge  material,  to  finally 
removing  the  Si02  to  create  a  freestanding  CPMEMS  bridge  structure.  Figure  1 1  shows 
dimensional  information  regarding  the  CPMEMS  structures.  These  dimensions  were  optimized 
for  the  CPMEMS’  merit  to  be  utilized  in  an  aqueous  solution  with  vibrational  or  ultrasonic 
stimulation,  as  well  as  for  metal  cluster  content,  and  carbon  concentration  of  the  carbon  polymer 
material  to  maximize  vibrational  responsivity,  and  finally  for  composition  so  that  bio-sensitivity 
and  bonding  with  a  variety  of  bio-detection  elements  would  be  maximized. 

A  cross-sectional  view  as  shown  in  Figure  12  gives  a  visual  of  a  CPMEMS  bridge 
structure.  It  is  this  unique  bridge  design  that  will  serve  as  a  broadband  detection  platform  upon 
which  different  biological  detection  schemes  can  be  built  upon.  Figure  13  gives  an  example  of 
creating  CPMEMS  structures  of  different  sizes.  The  Au  pillars  in  this  scheme  are  125  pm  square. 
This  helps  to  optimize  the  broadband  detection  platform  such  that  it  would  provide  the  most 
feasible  conditions  for  bio-compatibility. 
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Figure  8:  Au  pillars  electroplated  in  Si02  wells 
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Figure  9:  Polymer  material  patterned  between  Au  pillars 
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Figure  10.  Si02  etched  a\vay  to  create  air  gap  under  polymer  material 


Figure  11:  CPMEMS  structural  dimensions 
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Figure  12;  Cross-sectional  view  of  free-standing  CPMEMS  structure 
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Figure  13:  CPMEMS  structures  with  larger  Au  pillars  (125|LLm  x  125|im  Au  pillars) 
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c.  Unity  400 

Initial  studies  revealed  that  the  wet  etching  process  to  remove  the  Si02  layer  to  create  the 
freestanding  polymer  bridges  had  shown  to  cause  stresses  on  the  carbon  and  polymer  material, 
and  thus  making  it  bow  a  little.  Therefore  a  study  was  conducted  on  alternative 
methods/materials  in  partnership  with  BSI  who  specializes  in  developing  processes  for  unique 
microlithography  patterning  materials.  As  an  alternative  to  Si02,  a  heat  dissolvable  polymer  from 
Promerus  LLC  was  investigated  by  BSI  in  parallel  to  further  work  on  optimizing  the 
development  of  the  CPMEMS  structures  using  Si02.  As  was  shown  in  the  previous  section,  an 
optimized  process  was  successfully  developed  using  Si02  to  create  a  polymer  bridge  that  did  not 
bow,  but  work  with  Unity  400  still  continued. 

The  Unity  400  would  have  the  same  function  in  the  process  steps  of  developing  the 
CPMEMS  bridge  structures  as  the  Si02,  except  that  the  processing  of  the  material  to  create  the 
wells  for  electroplating  the  Au  pillars  as  well  as  the  removal  process  to  create  the  freestanding 
polymer  bridges  would  be  different.  Instead  of  e-beam  depositing  Si02,  the  Unity  400  heat 
dissolvable  polymer  would  be  put  down  via  spin  coating.  To  create  the  wells  for  building  up  the 
Au  pillars  would  require  a  Reactive  Ion  Etch  (RIE)  process  instead  of  wet  etching.  Once  the 
wells  are  made  and  the  Au  pillars  are  electroplated  up,  and  the  polymer  bridge  is  patterned 
between  the  Au  pillars,  the  Unity  400  polymer  is  heated  to  425°C,  which  will  cause  it  to  cleanly 
decompose  and  hence  create  a  residue-free  air  cavity. 

The  thermal  decomposition  kinetics  of  Unity  400  was  studied  by  using  dynamic  TGA 
(Thermal  Gravimetric  Analysis).  The  Unity  400  sample  was  heated  to  and  held  at  425  °C  for  120 
minutes.  The  dynamic  TGA  result  shown  in  figure  14  verified  that  the  Unity  400  completely 
decomposed  at  425  °C,  and  there  was  only  a  negligible  amount  of  residue  left  in  the  sample 
chamber.  Another  advantageous  propert>'  of  Unity  400  is  its  good  thermal  stability  up  to  300  “C. 
This  ensures  a  sufficient  processing  window  subsequent  device  fabrication  steps. 


Figure  14;  Dynamic  TGA  of  Unity  400 
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The  compatibility  of  the  cured  Unity  400  film  in  the  Au  electroplating  bath  (Aurall  305) 
was  also  tested.  Several  silicon  wafers  were  coated  with  2.5  pm  thick  Unity  400  films.  After 
Unity  400  being  cured,  these  wafers  were  respectively  immersed  in  the  Au  electroplating  bath  at 
60  “C  for  as  long  as  65  minutes.  No  dissolution  of  these  cured  Unity  400  films  or  change  of  the 
Au  electroplating  bath  were  observed.  These  soaked  wafers  were  rinsed  with  DI  water,  baked  at 
1 1 5  °C  for  2  minutes,  and  then  loaded  into  the  tube  furnace  for  the  thermal  decomposition  test. 
No  residue  could  be  visually  noticed  after  the  thermal  decomposition  process.  The  results  herein 
verified  the  compatibility  of  the  cured  Unity  400  film  in  the  Aurall  305  bath. 

RIE  was  used  as  the  etching  process,  where  an  etch  recipe  was  optimized  for  patterning 
the  Unity  400.  The  etch  rate  of  Unity  400  was  first  measured  by  conducting  a  series  of  timed  RIE 
runs.  At  the  end  of  each  run,  the  thickness  of  the  Unity  400  layer  left  on  the  wafer  was  measured 
using  a  profilometer.  The  results  were  plotted  with  the  RIE  time  with  a  linear  fit  as  shown  in 
figure  15,  which  indicated  that  the  etch  rate  was  approximately  3.6  nm/second.  A  SEM 
micrograph  of  the  resulting  pattern  in  the  Unity  400  layer  with  an  A1  hard  mask  is  shown  in 
figure  16.  For  the  purpose  of  studying  undercut  and  sidewall  profile,  an  A1  hard  mask  was  left 
on  top  of  the  Unity  400  during  the  SEM  inspection.  The  major  issue  encountered  in  patterning  a 
Unity  400  film  by  RIE  was  considerable  undercut  due  to  the  dominance  of  the  isotropic  etching. 
Continued  work  still  needs  to  be  condueted  to  refine  the  process. 


71me(s) 

Figure  15:  Etch  rate  of  Unity  400 
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Figure  16:  Unity  400  pattern  after  RJE 


1. 3.2.3  Antigen  Platform,  Self-Assembled  Protein  Layers 
a.  Antibody-antigen  scheme 

The  primary  objective  of  this  task  was  to  determine  antigen  platform  feasibility  to 
develop  the  appropriate  process  to  bind  proteins,  antibodies,  or  oligonucleotides  to  the  carbon 
and  polymer  bridge  material  such  that  it  would  function  as  a  sensing  element.  Initial  work  was 
conducted  on  binding  antibodies  to  the  Au/PSA  surface  to  determine  their  compatibility.  Studies 
revealed  that  the  antibodies  themselves  could  not  be  attached  directly  to  the  carbon  polymer 
material  but  rather  intermediate  layers  were  required  to  obtain  binding.  Three  different 
methodologies  were  investigated  to  attach  antibodies  to  the  surface  of  the  Au/PSA  mixed 
carbon-rich  surface  that  would  make  up  the  bridge  material  of  the  CPMEMS  structure.  These 
methodologies  included  poly-d-lysine  and  protein  A,  nitrocellulose  and  a  chemical 
functionalization  of  the  Au/PSA  surface  for  binding  of  the  antibodies  to  occur.  Lastly,  studies 
were  conducted  using  oligonucleotides  as  the  biological  sensing  system  instead  of  the  antibody- 
antigen  system. 

Figure  17  shows  a  multi-layer  system  that  is  required  for  the  attachment  of  the  antibodies 
to  the  carbon  and  polymer  substrate.  A  thin  poly-D-lysine  coating  is  applied  to  the  substrate, 
which  provides  a  positively  charged  surface.  Next,  a  layer  of  protein  A,  which  has  a  high  affinity 
for  the  IgG  class  of  antibodies,  is  added.  The  advantage  of  using  protein  A  is  that  any  IgG 
antibody  will  readily  attach  to  the  protein  A  and  thus,  a  large  number  of  antibodies  can  be  bound 
in  this  manner.  Many  of  the  antibodies  will  bind  to  protein  A  in  an  orientation  that  favors 
binding  of  a  particular  ligand  or  molecule  (i.e.  antigen).  In  traditional  microarrays,  the  ligand  or 
binding  molecule  needs  to  be  fluorescently-labeled  in  order  to  detect  its  binding  to  the 
antibodies.  For  the  purpose  of  feasibility,  fluorescence-labeling  was  utilized  to  determine 
whether  or  not  a  binding  event  had  occurred. 
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Figure  17:  Side  view  of  antibody  array 


It  was  demonstrated  that  the  design  of  our  antibody  microarray  allows  for  the  detection  of 
a  specific  binding  molecule  to  the  antibodies.  Anti-human  Albumin  IgG  was  immobilized  onto 
Protein  A,  and  then  a  fluorescently-labeled  molecule  (Albumin-FITC)  at  different  concentrations 
was  allowed  to  bind  to  the  immobilized  antibodies.  It  was  noted  that  the  intensity  of  the 
fluorescence  signal,  which  corresponds  to  the  amount  of  fluorescent  molecule  bound  by  the 
antibody,  is  proportional  to  the  amount  of  binding  molecule  presented  to  the  antibodies  (figure 
18  a  &  b).  For  lower  concentrations  of  antigen  binding  to  antibodies  attached  to  the  Protein  A 
layer,  there  was  a  significant  decrease  in  the  fluorescence  signal. 


Albumin-FITC  1:10 
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Figure  18:  a)  1:10  Concentration  of  IgG  antibody  &  b)  1-100  concentration  of  IgG  antibody 
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Although  this  methodology  proved  to  have  been  viable,  there  was  an  issue  with  non¬ 
specific  binding  of  the  antigen  to  the  poly-D-lysine  that  was  used  to  anchor  the  antibodies  to  the 
carbon  and  polymer  bridge  material.  Further  analysis  revealed  that  the  concentration  of  poly-D- 
lysine  used  to  coat  the  surface  of  the  carbon  and  polymer  material  was  deposited  not  as  a 
monolayer  of  the  substrate  as  intended.  The  thickness  of  poly-D-lysine  would  likely  increase  the 
amount  of  background.  Tests  to  lower  the  concentration  of  poly-D-lysine  to  determine  the 
minimum  amount  required  for  bridge  assembly  was  conducted  but  this  still  exhibited  non¬ 
specific  binding. 

b.  Nitrocellulose  study 

The  next  methodology  that  was  investigated  in  light  of  determining  that  the  methodology 
of  using  poly-D-lysine  resulted  in  non-specific  binding  was  the  use  of  nitrocellulose  as  an 
immobilization  substrate.  Nitrocellulose  has  been  shown  to  provide  a  near-quantitative  surface, 
allows  for  long-term  storage  of  the  immobilized  antibodies,  and  allows  for  proteins  (antigens)  in 
solution  to  interact  with  the  immobilized  antibodies.  Initial  studies  were  conducted  on  glass 
slides  where  optimized  spin  coating  conditions  were  established  to  create  a  thin,  uniform  and 
nearly  flat  surface  for  immobilizing  antibodies  with  just  only  layer.  It  was  found  that  fluorescent 
antibodies  would  bind  in  a  uniform  maimer  to  the  nitrocellulose-coated  slides.  In  addition  it  was 
also  demonstrated  that  antibodies  specific  to  the  recognition  of  E.  coli  bacteria  were  immobilized 
onto  nitrocellulose  and  did  capture  these  bacteria  with  controlled  experiments  (see  figure  19). 


Figure  19:  The  fluorescence  microscope  image  on  the  left  is  of  E.  coli  bacteria  captured  by 
antibodies  and  the  image  on  the  right  is  of  Primary  antibody  IgG  binding  on  a  nitrocellulose 
coated  membrane 
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c.  Functionalizing  of  Au/PSA 

The  last  methodology  that  was  investigated  to  bind  antibodies  to  the  carbon  and  polymer 
bridge  material  was  the  use  of  a  functionalization  technique.  This  would  allow  for  antibodies  to 
be  directly  immobilized  onto  the  carbon  and  polymer  material  without  any  intermediate  layer. 
Initial  studies  for  functionalizing  the  surface  of  a  material  to  allow  for  antibody  binding  was 
conducted  on  silicon  (si).  Aldehyde  silane  was  used  as  a  precursor  to  bind  onto  a  si  surface  to 
form  one  silane  monolayer.  This  silane  monolayer  is  designed  for  further  immobilization 
procedures.  With  the  reaction  between  the  aldehyde  group  and  the  amine  group  of  an  antibody, 
antibodies  can  be  immobilized  onto  si  through  chemical  covalent  bonding.  Fluorescently  tagged 
antibodies  were  then  immobilized  onto  the  functionalized  si  surface.  This  is  evident  in  figure  20 
where  antibodies  did  bind  to  the  functionalized  si  surface  where  as  there  was  no  binding  to  the 
non-functionalized  si  surface. 


With  Antibody  Without  .AjitilxMly 


Figure  20:  Left:  fluorescence  microscope  image  of  antibodies  immobilized  to  functionalized  si 
surface,  Right;  fluorescence  microscope  image  of  no  antibodies  being  immobilized  to  non- 
functionalized  si  surface 

Once  it  was  determined  that  immobilization  did  in  faet  occur  on  a  functionalized  si 
surface,  the  procedure  then  was  repeated,  but  this  time  using  the  Au/PSA  bridge  material.  The 
Au/PSA  surface  is  rich  of  hydroxyl  (-OH)  groups  and  can  be  used  to  form  a  uniform  silane 
monolayer.  The  aldehyde  silane  monolayer  is  formed  on  the  Au/PSA  surface  through  the 
reaction  between  the  -OH  groups  of  the  Au/PSA  surface  and  silane.  Aldehyde  groups  again  as 
before  react  with  the  amine  groups  of  antibodies  which  causes  immobilization  on  Au/PSA. 
Figure  21  below  shows  a  schematic  illustration  of  the  binding  of  the  hydroxyl  groups  that  are 
formed  on  the  Au/PSA  surface  with  the  amine  groups  of  the  antibodies.  Figure  22  shows  a 
fluorescent  microscope  image  of  antibodies  on  the  surface  of  a  functionalized  Au/PSA  material. 
We  have  demonstrated  that  it  is  possible  to  immobilize  antibodies  on  Au/PSA  surface  with 
covalent  bonding,  and  these  immobilized  antibodies  on  the  Au/PSA  surface  show  a  high 
stability,  thus  suitable  for  use  on  the  CPMEMS  bridge  structure. 
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Figure  22:  Fluorescence  microscopy  image  of  antibody  on  Au/PSA  surface 
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d.  Conclusions  of  antibody  study 

With  the  three  different  methodologies  that  were  investigated  to  immobilize  antibodies  to 
the  bridge  material  of  the  CPMEMS  structxire,  it  has  been  shown  that  a  link  between  a  biological 
detection  system  and  the  CPMEMS  electronic  system  has  been  established.  In  the  development 
stages  of  this  type  of  biological  (antibody-antigen)  detection  system  a  couple  of  drawbacks  were 
noted.  The  first  being  background  noise,  which  would  hinder  accurate  detection  signals;  from  the 
first  immobilization  method  that  was  investigated  (Au/PSA  +  poly-D-lysine  +  protein  A  + 
antibodies)  the  background  noise  would  be  high  due  to  the  multiple  layers  required  to 
immobilize  the  antibodies.  With  this  methodology  it  was  also  noted  that  non-specific  binding  of 
antigens  did  also  occur  due  to  the  protein  A.  With  the  second  methodology  (Au/PSA  + 
nitrocellulose  +  antibodies)  the  issue  of  non-specific  binding  was  overcome,  but  background 
noise  would  still  be  an  issue  due  to  a  thick  layer  of  nitrocellulose.  The  last  methodology 
(Au/PSA  +  silane  +  Antibodies)  shows  the  most  promise  for  being  an  immobilization  technique 
because  it  would  provide  the  least  background  noise  due  to  the  silane  layer  being  only  a 
monolayer,  and  that  their  would  be  less  non-specific  binding  of  antigens. 

Further  investigations  were  conducted  on  the  antibody-antigen  detection  scheme  using 
known  test  antigens  (i.e.  bacteria).  While  this  method  worked  in  preliminary  studies,  the  use  of 
antibodies  was  determined  not  to  be  feasible  for  detecting  many  different  types  of  bacteria  in 
solution.  Also,  as  the  number  of  bacteria  in  a  solution  increased,  it  became  necessary  to  wash  the 
detection  surface  more  extensively  to  favor  specific  antibody-bacteria  interactions. 
Unfortunately,  the  number  of  captured  bacteria  decreased  dramatically  as  a  result  of  the  more 
stringent  wash  procedure.  Thus,  by  trying  to  minimize  nonspecific  binding  of  bacteria  to  the 
antibodies,  it  resulted  in  greatly  reducing  the  number  of  captured  bacteria.  As  a  result,  a  decrease 
in  detection  signal  would  occur.  To  circumvent  this  problem  that  is  characteristic  of  antibody 
arrays,  the  study  was  then  focused  on  a  biological  detection  scheme  that  utilizes  oligonulceotides 
as  the  capture  molecule  for  the  detection  of  antigens. 

e.  Oligonucleotides 

i.  Feasibility  study 

The  first  study  in  determining  the  feasibility  of  using  oligonucleotides  (short  pieces  of 
DNA)  as  a  biological  detection  method  was  immobilization  onto  a  known  substrate  and 
subsequent  monitoring  of  binding  using  fluorescent  microscopy.  Studies  were  conducted  to 
attach  oligos  to  a  gold  (Au)  substrate  and  establish  a  method  to  monitor  the  binding  event.  The 
use  of  oligos  will  allow  for  the  design  of  multiple  probes  to  specifically  detect  fimgi,  bacteria,  or 
viruses  from  a  given  environment. 

Oligonucleotide  (DNA)  hybridization  involves  the  joining  of  two  complementary  single- 
stranded  DNA  (ssDNA)  with  high  efficiency  and  extremely  high  specificity,  even  in  the  presence 
of  a  mixture  of  many  different,  non-complementary  oligos.  It  should  be  noted  that  some  non¬ 
complementary  oligos  that  have  some  matching  base  pairs  may  hybridize,  but  will  have  a  weak 
bond.  This  methodology  of  detection  will  increase  the  likelihood  of  positively  identifying  a 
particular  organism  or  class  of  organisms.  A  model  of  the  DNA  sensor  is  shown  in  figure  23. 
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Cy5 


Figure  23:  Model  of  DN A  Biosensor 

Initially,  a  chemically  modified  piece  of  ssDNA  (Cy3-labeled  oligo)  that  contains  a  thiol 
(SH)  group,  along  with  a  hydrophilic  linker  between  the  thiol  group  and  DNA  is  immobilized 
onto  a  Au  surface.  A  hydrophilic  linker  is  used  to  minimize  non-specific  absorption  events, 
where  as  the  SH  group  facilitates  uniform  binding  of  the  DNA  to  the  Au  surface  and  also  helps 
to  orient  the  DNA  on  the  surface  so  as  to  increase  the  likelihood  of  binding  with  the  target  DNA 
as  shown  in  figure  24.  In  addition,  the  Cy3  label  allows  for  monitoring  the  density  of  oligo 
binding  using  fluorescent  microscopy.  The  probe  of  a  DNA  biosensor  most  frequently  consists  of 
an  oligonucleotide,  15-50  base  pairs  in  length.  The  target  DNA  which  has  a  Cy5  label  is  then 
allowed  to  bind  to  the  probe  DNA  for  proof  of  concept  simulations.  The  resulting  hybridization 
can  be  detected  using  fluorescence  microscopy. 


Probe 


e  Carbon  Linker 


C 

C 

C 

c 

c 

c 


Gold  Substrate 
Silicon  Wafer— 


Figure  24:  Modified  Probe  Attached  to  Gold  Substrate 
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In  order  to  detect  organisms  of  interest;  they  have  to  captured  and  isolated  such  that  they 
can  be  broken  down  into  their  basic  DNA  structure.  A  bio-collection  system  that  was  developed 
is  able  to  concentrate  the  amount  of  biological  material  found  in  the  air  using  a  water  capture 
method.  To  be  able  to  gain  access  to  the  DNA  in  the  biological  material,  it  is  necessary  to  break 
up  the  material  where  a  number  of  techniques  such  as  heating,  addition  of  detergents,  or 
sonication  can  be  used.  Sonication  was  chosen  because  it  has  the  advantage  of  not  only  breaking 
open  the  biological  material  but  also  shears  the  DNA  into  small  fragments  that  can  be  used  for 
more  efficient  oligo  hybridization.  As  shown  in  figure  25,  sonication  of  a  biological  material 
such  as  bacteria  for  5  mins  (left  lanes)  yields  DNA  that  is  only  several  hundred  base  pairs  in 
length,  which  is  optimal  for  conducting  these  test  experiments. 


Figure  25:  Sonicated  bacteria  E.coli  DNA  on  agarose  gel 


ii.  Oligonucleotide  hybridization  using  fluorescence  detection 

Several  variables  affect  the  hybridization  event  such  as  salt  concentration,  temperature, 
contact  time,  and  length  of  the  probe  sequence.  Increasing  salt  concentrations  can  enhance  the 
analytical  signal;  however,  non-specific  absorption  can  also  increase.  The  rate  of  hybridization  is 
strongly  affected  by  temperature,  where  maximum  kinetics  is  observed  at  20-25°C  below  the 
duplex  melting  temperature.  Longer  probe  and  target  length  can  reduce  sensitivity  due  to  steric 
hindrance.  The  hybridization  event  is  generally  carried  out  at  a  neutral  pH,  thereby  allowing 
hybridization  to  remain  independent  of  pH,  and  incubation  times  range  from  2  minutes  to  1  hour. 

Simple  model  single-stranded  DNA  (ssDNA)  probe  sequences  (20-mer)  were  used  for 
this  study,  providing  the  basis  for  future  detection  of  pathogen  recognizing  probes.  Fluorescence 
microscopy  was  initially  utilized  to  establish  experimental  parameters,  such  as  incubation  time, 
washing  conditions,  concentrations  of  probes,  blocker  conditions,  and  surface  characterization  to 
create  an  optimized  DNA  hybridization  event.  Conditions  optimized  using  the  fluorescence 
method  of  detection  will  be  applied  to  other  detection  methods  for  hybridization  detection.  The 
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signal  produced  will  differentiate  between  complementary  and  non-complementary  sequences 
providing  the  groundwork  for  future,  specific  biosensors  to  be  used  in  clinical  and  environmental 
diagnostics. 

As  was  mentioned  earlier,  oligonucleotides  are  short  sequences  of  nucleotides  (RNA  or 
DNA),  typically  with  fifty  or  fewer  bases,  which  can  be  used  as  probes  for  detecting 
complementary  DNA  or  RNA  because  they  bind  readily  to  their  complements.  Antisense  or 
complementary  oligonucleotides  are  single  strands  of  DNA  or  RNA  that  are  complementary  to  a 
chosen  sequence.  For  the  fluorescent  research  studies,  20-mer  oligonucleotides  were  purchased 
with  the  probe  strands  being  synthesized  with  a  SH  group  and  6  chain  carbon  linker  on  the  5’  end 
and  labeled  with  a  Cy3  marker  on  the  3’  end.  The  antisense,  or  complementary,  target  strand  and 
the  non-complementary  control  strand  were  labeled  with  Cy5  dye.  The  sequences  of  the 
oligonucleotides  are  as  follows  (see  figure  26): 


^HSKCH*), 


Probe 


Non-Complementary  Target 


Probe:  (5’)  HS-(CH2)6-AGAGTTTGATCMTGGCTCAG-Cy3 
Complementary  target:  (S’)  CyS-CTGAGCCAKGATCAAACTCT 
Non-complementary  target:  (S’)  CyS-TCCACGAGKTCGAATCTAAC 


Figure  26:  Schematic  diagram  of  fluorescently  tagged  probe,  along  with  fluorescently  tagged 
complementary  target  and  non-complementary  target  oligonucleotides 


Au  was  used  as  a  substrate  for  fabricating  the  self-assembled  monolayers  of 
oligonucleotides,  where  for  all  experiments  lOOOA  of  Au  was  evaporated  onto  a  silicon  (Si) 
wafer  or  glass  slide  using  a  mask  to  create  a  pattern  of  choice.  lOOA  of  chrome  (Cr)  was 
deposited  first  to  promote  good  adhesion  between  Au  and  either  Si  or  glass.  To  verify  the 
selectivity  of  the  thiol  for  Au  versus  other  substrates,  10  pi  of  thiolated  oligonucleotide  solution 
with  a  Cy3  label  (0.100  pM)  was  deposited  onto  Au  and  Si  portions  of  an  electrode.  The  probe 
was  then  incubated  at  37°C  for  20  minutes  to  increase  the  binding  rate  of  DNA  to  the  Au  surface. 
The  thiolated  DNA  solution  was  then  removed  from  the  Au,  and  washed  three  times  with  a  Tris- 
HCL  solution  (0. 1  mM,  pH  7.2).  The  substrate  with  the  immobilized  probe  was  then  analyzed  by 
a  fluorescence  microscope.  As  seen  in  Figure  27  the  signal  (indicated  by  the  red  color)  of  the 
probe  DNA  immobilization  is  more  intense  in  the  regions  with  Au  compared  to  the  regions  with 
Si.  This  indicates  that  very  minimal  binding  of  the  SH  group  does  occur  on  Si,  and 
simultaneously  validated  the  use  of  a  Au  substrate  with  a  thiol-modified  ssDNA  probe  for  the 
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baseline  DNA  sensor  scheme.  Further  studies  were  conducted  replacing  Si  with  glass  slides, 
where  it  was  determined  that  it  was  more  favorable  to  use  the  glass  slides  because  they  are  less 
conductive  than  Si.  It  was  also  determined  that  more  binding  occurred  on  the  glass  slides  as 
compared  to  Si,  however  this  was  shown  not  to  be  a  concern  for  investigating  other  methods  of 
oligo  hybridization  detection  using  electrical  techniques. 


Figure  27:  Image  of  Au  electrode  on  left  with  corresponding  fluorescence  microscopy  image  on 
right  of  region  where  thiolated  Cy3  tagged  probe  oligos  were  bound  to  the  substrate 


Studies  were  conducted  to  determine  the  most  viable  probe  concentration  due  to  the 
selectivity,  which  is  constrained  in  part  by  the  physieal  properties  of  the  environment  of  the 
ssDNA  at  the  surface.  The  location  and  speed  of  signal  development  will  be  dependent  on  the 
stability  of  the  hybrid,  which  is  dependent  on  the  density,  sequence,  and  availability  of  the 
immobilized  ssDNA.  Probe  density  can  be  a  controlling  factor  for  efficiency  of  target  capture  as 
well  as  for  the  kinetics  of  target-probe  hybridization,  due  to  the  accessibility  of  the  surface- 
immobilized  probe  [9]. 

To  immobilize  the  probe,  10  pi  of  thiolated  oligonucleotide  solution  (0.100  pM)  was 
deposited  onto  the  center  of  the  Au  electrodes.  The  probe  was  then  incubated  at  37°C  for  20 
minutes  to  increase  the  binding  rate  of  DNA  to  the  Au  surfaee.  The  thiolated  DNA  solution  was 
then  removed  from  the  Au,  and  washed  three  times  with  a  Tris-HCL  solution  (0.1  mM,  pH  7.2). 
After  washing,  10  pi  of  the  Tris  buffer  was  added  back  to  the  center  of  the  electrode.  Following 
the  probe  immobilization,  the  Tris  buffer  was  removed  and  lOpl  of  the  target  oligo 
(complementary  or  non-complementary;  0.100  pM)  was  placed  on  the  Au  substrate  (Figure  28). 
This  solution  was  incubated  again  at  37°C  for  20  minutes  to  increase  hybridization  time  and 
specificity  of  the  probe  for  the  target.  The  target  DNA  solution  was  again  removed  fi'om  the  Au 
electrodes,  and  washed  three  times  with  a  Tris-HCL  solution  (0.1  mM,  pH  7.2).  After  washing, 
10  pi  of  the  Tris  buffer  was  added  back  to  the  electrode  and  analyzed  by  fluorescent  microscopy. 
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Probe  incubated  with 
complementary  target 


Probe  incubated  with  non¬ 
complementary  target 


Figure  28:  Schematic  representation  of  fluorescent  oligonucleotides  hybridization 


Fluorescently-tagged  oligonucleotides  were  used  initially,  to  show  feasibility  of  the 
process  by  which  all  further  experimental  conditions  would  be  kept  constant.  On  four  separate 
Au  substrates,  four  different  setups  were  used.  On  the  first  substrate,  the  Cy3  labeled,  thiolated 
probe  was  immobilized  and  viewed  for  surface  binding  on  Au  with  a  fluorescence  microscope. 
The  oligonucleotide  binding  of  the  probe  can  be  seen  as  the  bright  red  eolor  in  Figure  29  (a). 
Once  probe  immobilization  had  been  established,  non-fluorescent  tagged  thiolated  probes  were 
immobilized  on  the  next  three  Au  substrates,  so  that  a  constant  baseline  experimental  setup  could 
be  established.  On  the  second  Au  substrate,  free  Cy5  dye  (not  tagged  to  an  oligonucleotide)  was 
added  to  the  non-fluorescent  tagged  thiolated  probed  bound  to  Au  as  a  control  or  background  to 
ensure  that  only  the  oligonucleotides  were  binding  and  not  the  dye  itself  The  free  Cy5  dye 
image  taken  with  the  fluorescence  mieroscope  was  basically  negative;  almost  completely  black 
(Figure  29  (b)),  thus  indicating  no  binding  of  the  Cy5  dye  to  the  Au  surface.  The  third  substrate 
was  used  for  inspecting  the  actual  hybridization  events  between  the  immobilized  probe  and 
complementary  target.  The  fluorescent  signal  (blue  color)  obtained,  indicated  that  the  most 
binding  occurred  with  the  complementary  target  (Figure  29  (c)).  The  fourth  Au  substrate  was 
used  the  same  as  the  third,  except  a  non-complementary  target  was  used.  Some  hybridization  did 
occur  as  indicated  by  the  weak  signal  seen  in  Figure  29  (d).  Ultimately,  these  results 
substantiated  the  experimental  process  that  would  be  used  for  all  further  experiments. 
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Figure  29:  a)  Immobilization  of  Cy3(red)  tagged  probe  oligos;  b)  Cy5(blue)  tag  introduced  onto 
non-tagged  immobilized  probe  DNA;  c)  Hybridization  between  complementary  oligo;  d) 
Hybridization  between  non-complementary  oligo  and  free  dye  to  immobilized  oligo  probe 


iii.  Novel  detection  method 

The  DNA  sensor  method  can  be  easily  integrated  into  the  CPMEMS  broadband  platform 
which  utilizes  SAW  as  the  transducer  signal  output.  Initial  experiments  as  was  stated  earlier  used 
fluorescent  microscopy  as  the  transducer  output  signal,  a  laboratory  standard  in  detection  of  a 
binding  or  hybridization  event.  A  number  of  electrical  detection  methods  such  as  cyclic 
voltammetry  have  been  used  to  study  hybridization  events.  In  the  interest  of  creating  a  more 
versatile  detection  system,  a  new  approach  was  investigated  in  order  to  detect  a  hybridization 
event,  where  the  mode  of  detection  was  modeled  after  a  capacitor.  Figure  30  below  gives  an 
example  of  the  parallel  modeling  of  a  capacitor  and  the  DNA  detection  scheme  that  was 
investigated. 

The  modeling  of  the  DNA  sensor  detection  scheme  to  a  capacitor  more  closely  represents 
the  overall  structure  of  a  simple  parallel  plate  capacitor  rather  than  its  function  as  device  to  store 
energy.  As  shown  is  figure  30,  the  components  of  the  DNA  sensor  are  analogous  to  the 
capacitor  where  the  Tri.s-HCL  solution  and  the  Au  electrode  act  as  the  parallel  metal  plates  of  a 
capacitor,  and  the  probe  oligos  are  analogous  to  the  dielectric  material  of  a  capacitor.  The  idea  is 
that  the  baseline  condition  is  where  the  thiolated  oligo  probes  are  immobilized  onto  the  Au 
electrode  and  immersed  in  the  Tris-HCL  solution.  The  Tris-HCL  solution  is  slightly  ionic  and 
thus  allows  for  conduction  from  the  solution  through  the  oligo  probe  monolayer  down  to  the  Au 
electrode.  When  oligonucleotide  hybridization  occurs,  this  basically  is  analogous  to  a  change  in 
the  dielectric  constant  of  the  capacitor. 
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Figure  30:  DNA  sensor  scheme  modeled  after  simple  parallel  plate  capacitor 


Capacitors  can  be  measured  for  their  capacitance,  impedance,  and  phase  angle.  In  the 
case  of  the  DNA  sensor  scheme,  the  transducer  signal  of  interest  that  was  measured  was 
impedance  (Z).  A  schematic  diagram  of  the  measurement  setup  is  shown  in  figure  31  where  the 
contact  leads  probe  the  Au  electrode  and  the  Tris-HCL  solution  to  apply  and  AC  signal  as  well 
as  measure  the  impedance  (Z).  Figure  103  shows  the  detection  process  from  the  baseline  detector 
to  actual  detection  of  a  control  complementary  antigen  as  well  as  a  control  non-complementary 
antigen.  The  test  conditions  that  were  utilized  for  the  proof  of  concept  studies  using  fluorescence 
microscopy  were  repeated  with  this  new  impedance  measurement  scheme.  Impedance 
measurements  were  taken  at  each  of  the  four  stages  shown  in  figure  32;  from  just  the  buffer  Tris- 
HCL  solution,  to  the  probes  being  immobilized  on  the  Au  surface,  to  the  final  hybridization  of 
both  the  complementary  as  well  the  non-complementary  oligos. 


Contacts  Leads  to  Apply 
AC  Signal  &  Measure 


Probe 

Oligos 


Figure  31:  Schematic  diagram  of  measurement  setup 
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Figure  32:  Four  stage  detection  process  for  obtaining  impedance  measurements 


i.  Oligonucleotide  hybridization  using  impedance  detection 

The  instrumentation  setup  to  conduct  the  impedance  measurements  included  a  function 
generator  to  produce  an  AC  signal  along  with  a  voltage  preamplifier  and  a  100  kD  resistor  in 
series  with  the  sample  test  device  (DNA  sensor).  This  resistor  is  used  to  be  the  dominant 
resistor,  making  the  resistance  of  the  sample  negligible  and  thus  allowing  for  the  current  through 
the  sample  to  be  held  constant.  An  oscilloscope  and  a  spectrum  analyzer  were  also  used  to 
measure  the  output  signal  of  the  test  device.  A  schematic  diagram  of  the  instrumental  setup  to 
conduct  the  impedance  measurements  is  shown  in  figure  33.  The  spectrum  analyzer  allows  for 
analysis  of  the  amplitude  response  of  the  test  device  against  frequency  and  can  measure  very  low 
voltage  levels  at  even  high  frequencies. 


33 


Multiple  Strategy  Bio-Detection  Sensor  Platforms  made  from  Carbon  and  Polymer  Materials 

Center  for  Applied  Science  and  Engineering,  Missouri  State  University,  Springfield  MO 


Figure  33:  Schematic  representation  of  impedance  analysis  instrumentation 


Initial  studies  revealed  that  the  electrode  setup  which  consisted  of  one  Au  electrode  and 
the  other  electrode  being  the  Tris  Buffer  solution  did  not  give  much  of  an  impedance  signal 
output.  The  design  of  the  electrodes  was  modified  slightly  to  obtain  an  increased  impedance 
signal  as  shown  in  figure  34.  In  this  new  design  scheme  the  modeling  after  a  capacitor  is  still 
made  except  that  now  the  two  Au  electrodes  are  analogous  to  the  metal  plates  and  the  Tris-HCL 
solution  +  probe  oligo  combination  would  be  analogous  to  the  dielectric  material.  A  macro-scale 
device  was  designed  similar  to  the  existing  MEMS  structures.  This  would  allow  for  a  more 
feasible  transition  into  the  micro-scale  level  using  the  CPMEMS  structures. 

Prior  to  immobilization  of  the  probe  oligos  to  the  Au  electrodes,  10  pi  of  the  Tris  buffer 
was  placed  at  the  center  of  the  electrodes  and  Z  measurements  were  taken.  These  measurements 
were  taken  to  subtract  any  background  noise  associated  with  the  buffer  solution  itself  To 
immobilize  the  probe,  10  pi  of  thiolated  oligonucleotide  solution  was  deposited  onto  the  center 
of  the  Au  electrodes.  The  probe  was  then  incubated  at  37°C  for  20  minutes  to  increase  the 
binding  rate  of  DNA  to  the  Au  surface.  The  thiolated  DNA  solution  was  then  removed  from  the 
Au,  and  washed  three  times  with  a  Tris-HCl  solution  (0.1  mM,  pH  7.2).  After  washing,  10  pi  of 
the  Tris  buffer  was  added  back  to  the  center  of  the  electrode.  Impedance  measurements  were 
then  performed.  These  impedance  measurements  signify  the  base  signal  before  any  detection 
event  occurs. 
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Figure  34:  New  electrode  design  to  conduct  impedance  measurements  of  oligo  hybridization 


Figure  35  shows  the  progression  of  the  study  to  obtain  impedance  measurements  as 
function  of  DNA-DNA  hybridization.  The  probe  oligos  were  immobilized  onto  the  Au  substrate 
and  Z  measurements  were  taken.  Following  the  immobilized  probe  analyses,  the  Tris  buffer  was 
removed  and  1 0  pi  of  the  target  oligo  (complementary  or  non-complementary)  was  placed  on  the 
electrodes.  This  solution  was  incubated  again  at  37®C  for  20  minutes  to  increase  hybridization 
time  and  specificity  of  the  probe  for  the  target.  The  target  DNA  solution  was  again  removed 
from  the  Au  electrodes,  and  washed  three  times  with  a  Tris-FlCl  solution  (0.1  mM,  pH  7.2). 
After  washing,  10  pi  of  the  Tris  buffer  was  added  back  to  the  center  of  the  electrode,  and 
impedance  trials  were  once  again  performed. 
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Figure  35:  Schematic  diagram  of  experimental  procedure 


The  impedance  instrumentation  was  set  with  constant  parameters  for  every  trial.  The 
current  flowing  through  the  sample  was  fixed  at  4  pA.  This  was  accomplished  by  setting  the 
function  generator  voltage  amplitude  to  0.2  Vp,  which  was  read  by  the  oscilloscope  as  0.4  Vpp, 
Using  Ohm’s  Law,  the  current  can  be  calculated  by  dividing  the  voltage  peak-to-peak  (0.4)  by 
the  resistance,  100  kO,  which  equals  4  pA.  Other  parameters  of  the  function  generator  were 
established;  the  frequency  sweep  range  was  set  from  1  Hz  to  300  kHz  at  a  rate  of  13  Hz,  and  the 
offset  and  phase  stayed  at  Opp  and  0  degrees,  respectively.  The  gain  of  the  voltage  preamplifier 
was  set  to  50  VA^.  The  spectrum  analyzer  could  only  sweep  the  frequency  range  from  0  kHz  to 
100  kHz,  but  averaged  the  values  of  20,000  sweeps  for  one  measurement.  For  each  sweep,  400 
data  points  were  collected,  starting  from  0  kHz  to  100  kHz  in  increments  of  0.25  kHz.  As 
mentioned  previously,  a  spectrum  analyzer  is  useful  for  analyzing  the  amplitude,  or  voltage 
response  of  a  device  against  frequency.  The  measurements  obtained  using  the  spectrum  analyzer 
was  the  rms  voltage  (Vrms)  and  thus  was  converted  to  peak  to  peak  voltage  (Vpp).  The  voltage 
gain  factor  was  then  divided  out  of  the  spectrum  analyzer  voltage  measurement  for  total  voltage 
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of  the  sample  and  then  divided  by  current  for  the  total  impedance.  The  standard  calculation  for 
each  data  point,  X,  was  the  following: 

,,  X*1.414*2  , 

X  =  voltage  value  obtained  from  the  spectrum  analyzer, 

1.414  =  factor  to  convert  from  Vrms  to  Vp, 

2  =  factor  to  move  from  Vp  to  Vpp,  and 
50  =  voltage  gain  factor  (VA^). 

Then  to  calculate  total  impedance.  Ohm’s  Law  was  used: 

V 

Z  =  -^  where, 

/ 

Z  =  total  impedance  (in  ohms), 

Vpp  =  total  voltage  peak-to-peak  of  sample,  and 
I  =  total  current  of  sample  (constant  =  4  pA  or  4  10'^  A) 

Total  impedances,  once  calculated,  were  plotted  against  frequency,  as  shown  in  the  following 
experimental  impedance  results  section. 


For  the  initial  set  of  experiments,  the  impedances  of  the  buffer,  probe,  complementary 
target,  and  non-complementary  target  were  all  compared  (figure  36  and  figure  37).  The  first 
experiments  were  run  in  parallel  on  4  electrodes  on  2  glass  slides.  The  results  of  the  trials  were 
all  compiled  by  averaging  (figure  36).  The  impedance  of  the  buffer  had  the  highest  signal  and 
when  the  probe  was  added  to  the  electrode,  the  impedance  dropped  by  approximately  25  Q.  This 
drop  is  most  likely  due  to  the  interface  between  the  Au  and  the  solution  that  the  current  that 
passes  through.  The  probe  may  form  a  better  interface  for  the  current  to  travel  through  than  just 
the  buffer  alone,  thereby  causing  the  impedance  decrease.  Next,  when  the  actual  complementary 
target  was  added  to  the  probe  oligos,  the  impedance  increased  due  to  the  hybridization  events. 
When  non-complementary  targets  were  added,  no  impedance  change  was  detected  due  to  little  or 
no  binding.  The  same  experiment  was  repeated  using  7  electrodes  from  1  glass  slide  (figure  36). 
Since  there  is  high  variability  between  electrodes,  the  7  trials  were  not  averaged  with  the  first  8 
trials.  In  the  7  trials,  the  complementary  target  changed  from  the  probe  by  only  8  Q.;  the 
impedance  values  of  the  non-complementary  target  actually  dropped  by  about  2  H.  This  may 
relate  to  a  random  error  in  more  rigorous  washing  conditions  or  in  electrode  surface  differences. 


38 


Multiple  Strategy  Bio-Detection  Sensor  Platforms  made  from  Carbon  and  Polymer  Materials 

Center  for  Applied  Seience  and  Engineering,  Missouri  State  University,  Springfield  MO 


Figure  36:  Impedance  values  of  8  averaged  trials  of  buffer,  probe,  complementary  and  non 
complementary  targets  over  a  range  of  frequencies 


Figure  37:  Impedance  values  of  8  averaged  trials  of  buffer,  probe,  complementary  and  non 
complementary  targets  over  a  range  of  frequencies 
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By  subtracting  the  probe  values  from  the  target  values,  the  signal  change  between 
complementary  and  non-complementary  targets  was  identified.  The  difference  between  the 
complementary  and  non-complementary  target  from  the  probe  (8  trials)  was  approximately  17  0 
and  0  O,  respectively  (figure  38).  The  difference  between  matching  and  mismatching  targets  (7 
trials)  was  about  10  O  and  -2  O,  respectively  (figure  39).  The  percent  change  was  calculated  for 
both  the  8  trial  experiment  and  the  7  trial  experiment.  The  result  was  a  signal  change  of  7% 
when  a  complementary  target  is  detected  versus  a  non-complementary  target  when  8  electrode 
trials  were  averaged  (figure  40).  A  signal  change  between  complementary  and  non- 
complementary  targets  of  approximately  5%  was  detected  for  the  7  electrode  trial  (figure  41). 
Whereas  the  non-complementaiy  target  in  the  8  electrode  trials  produced  no  percent  signal 
change  and  the  non-complementary  target  in  the  7  electrode  trial  produced  a  -1%  change. 
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Figure  38:  Signal  differences  (n=8)  between  complementary  and  non-complementary  targets 
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Figure  39:  Signal  differences  (n=8)  between  complementary  and  non-complementary  targets 
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Figure  40:  Percent  impedance  change  of  the  target  oligonucleotides  from  the  probe 
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These  results  demonstrate  the  initial  feasibility  of  producing  a  signal  change  for  detection 
of  DNA  hybridization  events.  For  oligonucleotide  hybridization  detection,  it  is  important  to 
achieve  a  baseline  or  threshold  for  what  is  considered  nonnal  or  a  “negative”  signal.  Then,  when 
a  certain  threshold  is  crossed,  or  a  signal  change  is  produced  of  a  certain  amount,  a  “positive”  hit 
(hybridization  event)  can  be  identified.  For  instance,  in  the  case  of  the  8  trials  shown  in  Figure 
3.19,  0%  would  be  considered  a  baseline,  while,  7%  could  be  considered  as  a  threshold,  and  any 
signal  above  that  would  be  deduced  as  a  positive  hybridization  event.  However,  a  threshold  of 
5%  may  be  more  acceptable,  as  in  the  case  of  the  7  trials  shown  in  figure  41,  where  signals 
above  5%  would  be  detected  as  a  positive  hybridization  event. 
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Figure  41:  Percent  impedance  change  of  the  target  oligonucleotides  from  the  probe 


One  concern  that  must  be  overcome  is  the  variability  of  impedance  measurements 
between  Au  electrodes.  The  signal  trends  appear  to  be  similar  from  electrode  to  electrode, 
however,  the  actual  values  observed  vary  from  electrode  to  electrode.  This  inconsistency  is 
demonstrated  by  the  differing  impedance  values  for  identical  probes  between  the  15  different 
electrodes  used.  If  just  the  averages  of  both  of  the  2  completed  trials  are  compared  (8  trials 
averaged  from  4  electrodes  on  2  slides  and  7  trials  averaged  from  7  electrodes  on  1  slide),  the 
difference  between  total  probe  impedance  averages  is  approximately  40  Q  (figure  42).  If  all 
probe  impedances  would  have  been  averaged  together,  the  standard  deviation  would  have  been 
about  20  (figure  43).  Thus,  fabrication  of  the  Au  electrodes  must  be  optimized  or  each 
individual  trial  must  be  characterized  individually. 
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Figure  42:  Differences  between  averages  of  probe  impedances  on  individual  electrodes 


Standard  Deviation  between  15  Probe  Measurements 


Figure  43:  Standard  deviation  of  all  15  probe  impedance  trials  averaged  collectively 


43 


Multiple  Strategy  Bio-Detection  Sensor  Platforms  made  from  Carbon  and  Polymer  Materials 

Center  for  Applied  Science  and  Engineering,  Missouri  State  University,  Springfield  MO 


A  study  was  done  to  compare  the  detection  of  synthesized  targets  versus  actual  targets  for 
further  feasibility  of  an  actual  biosensor.  An  oligonucleotide  probe,  ECl-lF  (5'  -  SH  -  (CH2)6- 
AGCCTCGGTGTAAAGT  -  3' ),  was  used  to  detect  the  bacteria  Escherichia  coli  {E.  coli). 
Actual  E.  coli  bacterial  cells  were  sonicated  to  break  up  the  cells  into  innumerable  pieces  of 
DNA.  The  sonicated  material  is  then  ready  to  be  introduced  to  the  impedance  electrode  system. 
After  the  ECl-lF  probe  was  immobilized  (see  previous  experimentation  setup  procedures),  the 
target  sample  of  E.  coli  was  introduced  to  the  electrode.  Psuedomonas  aeruginosa  {P. 
aeruginosa)  was  also  sonicated  and  was  added  to  an  adjacent  electrode  as  a  non-complementary 
target  control,  and  impedance  measurements  were  then  obtained  (figure  44). 
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Figure  44:  Impedance  results  for  experimental  run  using  an  actual  probe  sequenced  for  E.  coli 
and  targets  of  E,  coli  and  P.  aeruginosa  bacterial  sonicated  cells 


For  the  experiment  using  the  ECl-lF  probe,  the  impedance  of  the  buffer  had  the  highest 
signal  once  again,  just  as  the  synthesized  runs.  It  was  determined  that  when  the  probe  was 
immobilized  to  the  Au  electrodes,  the  impedance  decreased  by  approximately  20  Q.  This  drop 
was  again  most  likely  due  to  an  increased  interface  between  the  Au  and  the  solution.  Next,  when 
the  actual  E.  coli  complementary  target  was  added  to  the  immobilized  probe  electrode,  a  signal 
change  in  impedance  resulted  due  to  the  hybridization  events.  When  the  non-complementary 
target  of  P.  aeruginosa  was  added,  no  impedance  change  was  detected  due  to  minimal  binding 
occurring.  The  drop  in  impedance  of  the  complementary  target  may  be  attributed  to  the  very 
specific  relationship  between  probe  and  target.  Further  studies  must  be  performed  to  determine 
the  affects  of  this  relationship  on  the  direction  of  signal  change.  By  subtracting  the  probe  values 
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from  the  target  values,  the  signal  change  between  complementary  and  non-complementary 
targets  were  identified  (figure  45). 
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Figure  45:  Impedance  differences  between  complementary  and  non-complementary  targets 
using  E.  coli  and  P.  aeruginosa 


The  difference  between  the  complementary  and  non-complementary  target  was  only  8  Q, 
which  is  lower  than  the  signal  change  observed  with  the  synthesized  probes  and  targets.  The 
percent  change  was  calculated,  resulting  in  signal  change  of  4%  when  a  complementary  target 
was  detected  versus  a  non-complementary  target  (figure  46).  As  mentioned  previously,  this 
signal  change  must  be  studied  in  further  detail  to  characterize  specific  interactions  of  impedance 
changes  as  hybridization  events  between  varying  probes  and  targets  occur. 
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Figure  46:  Percent  impedance  change  of  the  target  oligonucleotides  from  the  probe  ECl-lF 


V.  Detection  approach  of  oligonucleotide  probes 

There  are  two  approaches  in  oligonucleotide  detection.  The  first  is  direct  detection  of 
pathogens,  which  involves  designing  a  probe  that  will  hybridize  to  a  segment  of  DNA  that  is 
unique  to  only  that  organism.  This  works  well  only  for  cases  where  the  organism  of  interest  is 
known.  In  cases  where  the  organism  is  unknown  and  potentially  hazardous,  a  second  approach  is 
more  effective,  which  entails  classification  of  taxonomical  hierarchies.  With  this  approach 
probes  are  designed  such  that  they  recognize  groups  of  organisms  following  the  groups  of  a 
taxonomical  tree. 

In  cases  where  organisms  have  been  purposely  modified,  the  first  direct  approach  would 
not  reveal  a  positive  signal,  however  the  second  approach  would  look  for  genomic  characteristics 
that  are  inherent  for  certain  classes  or  groups  of  organisms.  A  hypothetical  example  of  a 
taxonomical  tree  is  shown  in  figure  47. 
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Figure  47:  Illustration  of  detection  by  taxonomical  classification 


Figure  47  shows  one  of  the  many  subtrees  within  the  bacterial  taxonomical  tree.  If  for 
instance  two  bacteria  such  as  Bacillus  anthracis  and  Staphylococcus  aureus  were  to  be  combined 
to  make  a  superbacteria,  it  would  not  be  detected  by  the  first  direct  detection  method.  Direct 
detection  can  be  conducted  simultaneously  in  this  manner,  but  would  only  reveal  a  positive  hit  of 
an  actual  antigen  in  the  case  of  a  specific  hybridization.  With  taxonomical  classification,  sensors 
breaking  down  the  tree  would  send  up  red  flags  so  that  a  more  extensive  detection  procedure  can 
be  undertaken  to  determine  what  exactly  has  caused  the  sensors  to  send  out  a  warning.  Allowing 
for  an  early  warning  of  a  possible  threat  would  help  to  quickly  alleviate  or  even  avoid  a  disaster. 

Figure  48  shows  a  simple  classification  example  that  was  investigated  for  proof-of- 
concept  simulations.  Probes  were  specifically  designed  for  both  taxonomical  classification  as 
well  as  direct  detection.  A  sample  containing  fungi  or  bacteria  can  be  tested  by  simultaneous 
measurement  of  a  series  of  biosensors.  It  can  be  determined  whether  it  contains  fungi,  bacteria, 
and  specifically  Escherichia  coli,  Staphylococcus  aureus.  Bacillus  subtillis,  and  Streptococcus 
pyogenes.  The  goal  of  classification  is  to  develop  a  more  broad  detection  method,  which  can  be 
tailored  such  that  it  can  simultaneously  detect  not  only  a  class  of  organisms  but  also  a  single 
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organism.  Eventually  all  pathogens  considered  as  threats  can  be  detected  through  a  series  of 
probes  transcending  the  taxonomical  hierarchies. 


Unknown  Sample 

Fungi  Bacteria 


Escherichia  coli 


Staphylococcus  aureus 


Bacillus  subtilis 


Streptococcus  pyogenes 


Figure  48:  Illustration  of  a  current  classification  method  for  a  possible  biological  antigen 


vi.  Oligonucleotide  immobilization  on  Au/PSA  material 


Fluorescent  trials,  using  the  same  immobilization  procedures  as  for  the  Au  substrate, 
were  conducted  on  the  Au/PSA  carbon  and  polymer  material.  The  trials  revealed  that  good 
oligonucleotide  probe  binding  had  occurred  to  the  carbon  and  polymer  material.  Thiolated  and 
non-thiolated  oligonucleotides  were  placed  on  varying  pre-implant  thickness  substrates,  and  the 
binding  affinity  was  determined  to  show  the  feasibility  of  attaching  the  oligonucleotides  onto  the 
carbon  and  polymer  material  such  that  a  transducer  signal  could  be  established  in  light  of  a 
detection  event  (figure  49).  The  oligos  were  bound  to  a  low  concentration  of  Au  mixed  with  PSA 
sample  and  a  high  concentration  of  Au  mixed  with  PSA.  As  seen  in  figure  49  binding  of 
thiolated  oligos  did  occur  to  the  Au/PSA  materials,  where  as  the  unthiolated  oligos  did  not  show 
any  binding. 
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a) 

b) 

d) 

e) 

Figure  49:  Fluorescently-tagged  oligonucleotides  bound  to  different  Au/PSA  substrates,  all 
incubated  for  20  min  @  37°C.  a)  Cy3  thiolated  probe  oligo  on  25A  Au/PSA.  b)  Cy3  thiolated 
probe  oligo  on  75A  Au/PSA.  c)  Cy5  non-thiolated  oligo  on  25A  Au/PSA.  d)  Cy5  non-thiolated 
oligo  on  75A  Au/PSA. 
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1.3.2.4  Unique  Sense  &  Release  Technology 

Crosslink,  one  of  the  subcontractors  on  this  project  investigated  the  development  of 
active  sense  and  release  experiments  for  incorporation  into  the  broadband  platform.  The  unique 
sense  and  release  technology  was  developed  such  that  it  could  be  integrated  into  the  broadband 
platform  with  the  capability  of  releasing  specific  agents  that  would  interact  with  antigens  for  the 
purpose  of  conducting  multi-component  platform  experiments.  The  release  of  these  agents  is 
controlled  by  an  electroactive  polymer  delivery  system,  which  is  composed  of  release  materials 
that  could  sense  environmental  changes  and  result  in  stimuli-sensitive  agent  delivery.  The 
delivery  system  is  utilizes  inherently  conductive  polymers  (ICP),  due  to  their  ability  to  deliver 
ionic  agent  species  through  their  redox  properties. 

In  these  studies  a  polypyrrole/  poly(styrene  sulfonate)  (PP/PSS)  host  polymer  system  as 
shown  in  figirre  50  was  used  to  load  and  release  cationic  biomolecules  such  as  dopamine, 
epinephrine,  and  metaproterenol;  while  a  polypyrrole/  adenosine  triphosphate  (PP/  ATP)  system 
and  a  pol3q3yrrole/  salicylate  system  were  used  to  study  anionic  biomolecule  loading  and  release. 
Polypyrole  can  exist  in  either  an  oxidized  or  natural  form,  and  it  is  this  conversion  between  the 
two  forms  oxidation  and  reduction  that  allows  for  electrical  addressability  by  an  electrode  or 
MEMS  pixel.  The  counter  ions  can  be  either  loaded  or  released  from  PP  on  the  pixel,  which 
helps  to  maintain  charge  neutrality  when  it  undergoes  electrochemical  switching.  A  small 
anionic  agent  molecule  can  be  imbedded  in  the  polypyrrole  (PP)  matrix  through  electro- 
polymerization  and  released  through  the  electrochemistry  reduction  of  the  oxidized  PP. 
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Figure  50:  Cationic  agent  delivery  system 
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The  major  part  of  this  research  and  development  plan  was  to  build  upon  the  above 
technology  and  extend  it  to  target  large  molecules  that  have  antibiotic  and  antibacterial  activity. 
These  electroactive  polymer-agent  systems  would  be  synthesized  either  chemically  or 
electrochemically.  Utilizing  microlithography  the  electroactive  polymer-agent  systems  would 
then  be  patterned  onto  the  CPMEMS  platform  so  they  may  be  electronically  addressable. 

The  MEMS  delivery  deviees  shown  in  Figure  51  were  fabricated  using  microlithography 
to  conduct  agent/antigen  reaction  experiments  on  the  broadband  platform.  This  would  allow  the 
platform  to  perform  active  experiments  where  feedback  from  a  release  event  could  be  used  to 
further  improve  antigen  analysis  or  detection.  The  sense  and  release  pixel  configuration  is  shown 
in  Figure  52.  In  response  to  a  given  recognition  event  (i.e.  antigen-antibody  detection  or  DNA- 
DNA  hybridization),  an  agent  molecule  can  be  released  through  the  functionalized  conducting 
PP  or  PEDOT-OH  is  patterned  on  a  gold  working  electrode  pillar.  A  nearby  Au  counter  electrode 
pillar  can  be  used  to  produce  the  electric  field  necessary  for  release  once  a  recognition  event  has 
been  detected. 


Figure  51:  CPR  burst  release  agent  delivery  system  will  be  placed  on  the  Au  electrode  pillars 
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Figure  52:  Sense  and  release  pixel  configuration  where  a  release  pixel  is  triggered  in  light  of  a 
recognition  event. 

a.  Developing  active  sense  and  release  experiments 

TTie  primary  objective  was  to  develop  active  sense  and  release  experiments  for 
incorporation  into  the  broadband  platform.  Polypyrrole,  a  conducting  polymer  was  chosen  due  to 
its  redox  switching  property.  Phenol  red  was  selected  for  the  initial  study  to  prove  the  release 
concept.  Carbon  or  Gold  electrodes  were  deposited  on  a  polycarbonate  substrate.  Initially,  a 
Polypyrrole  based  film  was  prepared  on  the  surface  of  the  electrode  through  an  electro- 
polymerization  method.  Electrode  sizes  were  varied  to  determine  design  implications  and 
feasibility  for  eventual  incorporation  into  the  MEMS  platform.  Figure  53  also  shows  a  design  of 
the  multi  electrodes  where  four  single  working  electrodes  and  one  counter  electrode  were 
combined  to  make  4  devices  on  one  substrate. 

The  method  to  deposit  polypyrrole/phenol  red  based  films  on  the  surface  of  the  electrode 
was  developed.  The  film  properties  can  be  determined  mainly  by  (1)  the  amount  of  the  current 
passing  through  the  electrodes,  (2)  the  concentration  of  a  pyrrole  monomer  in  the  reaction  media, 
(3)  the  reaction  time,  (4)  the  type  of  the  dopant  molecule,  and  (5)  the  concentrations  of  both 
pyrrole  and  the  dopant.  The  film  thickness  was  simply  determined  by  the  reaction  time  and  the 
type  of  the  dopant  employed.  After  each  reaction,  a  smooth  green  film  formed  on  the  surface  of 
the  electrode.  If  the  size  of  the  electrode  is  further  reduced,  the  experimental  conditions  for 
making  an  ideal  film  will  be  impacted. 
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Single  Electrode 

Figure  53:  Configurations  of  both  single  and  multi  electrodes 

It  was  reported  in  previous  interim  reports  that  an  analytical  method  for  measuring  the 
concentration  of  phenol  red  released  from  an  electrode  was  developed.  With  the  use  of  a  UV-Vis 
spectrometer  it  was  determined  that  for  a  series  of  trial  runs,  that  phenol  red  at  537  nm  in  Tris 
buffered  solution  was  measured  at  different  concentrations  which  included  SxlO'^M,  IxlO'^M, 
SxlO'^M,  IxlO'^M,  and  SxlO'^M.  As  shown  in  figure  54,  the  working  curve  that  a  plot  of 
absorbance  versus  concentration  allowed  for  the  calculation  of  the  concentration,  as  well  as  the 
amount  of  the  released  phenol  red.  In  principle,  this  method  can  detect  any  released  absorbing 
molecules  in  solution. 


Multiple-electrode 


Concentration  of  Phenolred  (M) 


Figure  54:  The  working  curve  for  phenol  red  in  Tris-Buffered  Saline 
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The  thickness  of  PPY/phenol  red  films  increases  from  sample  (2)  to  (5).  Curve  (1)  for 
sample  (1)  in  figure  55  shows  that  phenol  red  was  not  released  when  the  circuit  was  open. 
However,  phenol  red  (see  curve  (2)-(5)  for  sample  (2)-(5))  was  released  when  a  voltage  (-2V) 
was  applied  with  the  release  profile  depending  on  the  film  thickness.  As  one  can  see,  curve  (2) 
for  the  thinnest  PPY/phenol  red  film  shown  solely  in  figure  56  demonstrated  that  70%  of  the 
releasable  phenol  red  was  released  in  20  minutes.  This  is  considered  a  burst  release. 

However,  the  release  behavior  changed  with  the  thicker  film  and  the  burst  release  profile 
disappeared  as  indicated  by  curves  (3)  to  (5)  in  Figme  (4).  As  discussed  in  the  proposal,  a 
negative  voltage  applied  to  a  PPY/Phenol  red  film  will  reduce  the  PPY  film  from  a  positive  stage 
to  a  natural  stage  where  phenol  red,  the  negative  counter  ion,  will  be  expelled  from  the  PPY  film 
by  the  negative  voltage.  For  the  thin  film,  phenol  red  was  released  into  the  solution  immediately 
and  a  burst  release  was  observed.  For  the  thick  film,  most  of  the  phenol  red  within  the  polymer 
film  in  principle  has  to  migrate  to  the  film  surface  and  then  get  released.  This  migration  will 
take  a  much  longer  time,  which  explains  why  the  burst  release  disappears  and  a  diffusion 
controlled  release  is  observed. 


Figure  55:  Release  profiles  of  phenol  red  from  PPY  in  Tris-Buffered  Saline 
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This  new  result  has  not  been  discussed  in  any  related  literature  and  is  also  critical  to  the  design  of 
our  triggered  release  device.  For  example,  if  the  burst  release  is  required  for  our  device,  the  film 
has  to  be  thin  enough  to  achieve  the  goal.  Further  experiments  are  required  to  fully  understand 
this  result. 

The  depositions  of  Polypyrrole/Phenol  red  or  Ampicillin  films  on  the  carbon  electrode  have 
been  established  and  films  with  different  thickness  have  been  made  via  an  electro-polymerization 
method.  The  analytical  method  for  measuring  the  released  dopant  such  as  phenol  red  was 
developed.  The  measured  absorbance  of  the  released  dopant  by  a  UV-Vis  speetrometer  in 
solution  was  used  to  determine  the  amount  of  the  released  dopant.  The  release  profiles  of 
PPY/Phenol  red  in  solution  at  different  conditions  were  obtained  with  the  developed  analytical 
method.  The  results  showed  the  release  mechanism  under  the  applied  voltage  is  associated  with 
the  film  thickness  and  the  burst  release  changed  to  the  diffusion  controlled  release  when  the  film 
thickness  increased.  A  small  multi-carbon  electrode  device  was  designed  and  prepared  where  the 
deposition  of  PPY/dopant  film  on  each  electrode  is  underway. 


b.  Polymer  based  release  system  on  a  CPMEMS  platform 

Once  the  procedure  to  deposit  polypyrrole/phenol  red  on  the  carbon  electrodes  with  films 
of  different  thicknesses  was  established,  it  was  then  necessary  to  develop  a  method  to  deposit 
PPY/phenol  red  based  films  on  the  surface  of  the  MEMS  devices.  Figure  57  shows  a  schematic 
diagram  of  the  experimental  setup.  A  PPY/Dopant  film  was  deposited  on  the  surface  of  the 
MEMS  devices  that  were  prepared  via  photolithography.  A  bi-potentiostat  was  employed  for  the 
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electro-polymerization  experiments  using  either  chronoamperometry  or  cyclic  voltammetry.  The 
MEMS  electrodes  made  with  Au  were  fabricated  on  a  silicon  wafer  via  photolithography.  There 
are  over  120  microelectrodes  on  each  silicon  chip  and  each  square  microelectrode  has  a  size  of 
125  pm^.  The  reference  electrode  was  a  silver  wire  and  a  gold  wire  served  as  the  counter 
electrode.  The  polymerization  process  was  visually  inspected  in  situ,  using  an  optical 
microscope. 


Monitor  the  Polymerization 
With  Microscopy  or  camera 


\  / 
N  t 


Figure  57;  Electrochemical  polymerization  to  deposit  PPY/phenol  red  on  microelectrode 


The  microelectrodes  used  for  the  release  experiments  allowed  for  only  a  small  volume  of 
the  solution  to  be  utilized  in  the  reaction.  In  a  typical  polymerization  experiment,  a  drop  of 
solution  (less  than  0.2  ml)  containing  pyrrole  (0. 1  M)  and  dopant  molecule  (0. 1  M)  was  added  to 
the  surface  with  a  syringe  to  cover  a  selected  electrode.  The  tips  of  the  reference  and  the  counter 
electrodes  were  then  immersed  into  the  solution.  A  constant  voltage  of  0.8  V  was  applied 
(chronoamperometry)  to  the  electrode.  When  the  polymerization  stopped,  any  unreacted  solution 
was  removed  and  the  deposited  polymer  was  then  rinsed  with  water  3  times  to  remove  the 
unreaeted  monomer  and  any  dopant  moleeule  on  the  surface.  After  air  drying,  the  eoated 
microelectrodes  were  examined  by  either  scanning  electron  microscopy  (SEM)  or  optical 
microscopy.  In  these  studies,  the  phenol  red  dopant  molecule  was  released  to  demonstrate  a 
proof  of  concept. 

SEM  allows  the  observation  of  the  deposition  of  PPY/dopant  film  on  the  mieroelectrode. 
Figure  58  shows  a  PPY/chloride  film  only  formed  on  the  surface  of  those  two  selected 
microelectrodes  whereas  other  raicroeleetrodes  remained  intact.  No  film  grew  in  the  gap  between 
the  two  adjacent  microeleetrodes.  The  eleetro-polymerization  time  for  the  second  microelectrode 
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was  4800  seconds,  compared  to  3600  seconds  for  the  first  microelectrode.  Identical 
polymerization  conditions  were  used  to  make  PPY/phenol  red  on  the  microelectrodes. 


Figure  58;  SEM  images  of  the  deposition  of  PPY/chloride  on  the  surface  of  two  microelectrodes 

Figure  59(a-d)  shows  the  images  of  the  growth  of  PPY/phenol  red  on  two 
microelectrodes.  As  shown  in  the  center  of  cycle  in  Figure  59b,  the  red  spot  indicates  the  growth 
of  PPY/phenol  red  film  on  the  first  microelectrode.  As  the  polymerization  proceeds,  PPY/phenol 
red  film  grew  on  the  second  microelectrode  as  indicated  by  the  appearance  of  the  second  red  spot 
in  Figure  59c  and  59d. 


Figure  59:  Growth  progression  of  PPY/phenol  red  on  the  surface  of  two  microelectrodes 
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In  another  typical  experiment,  phenol  red  was  again  employed  as  a  dopant  molecule 
replacing  chronoamperometry  with  cyclic  voltammetry  (CV)  to  polymerize  pyrrole.  The  “cell” 
was  scanned  in  a  cycle  from  -0.5V  to  0.98V  to  -0.5V  with  a  scan  rate  of  lOOmV/s.  In  theory, 
each  CV  scan  polymerizes  a  thin  layer  of  PPY/Phenol  red  film  on  the  working  electrode.  The 
number  of  scan  cycles  controls  the  thickness  of  the  film.  Using  SEM,  the  film  surface 
morphology  was  then  monitored.  Figure  60  shows  PPY/phenol  red  film  formation  on  the 
microelectrodes.  With  an  increase  of  the  scan  number  increased  from  16  to  72,  the  film  thickness 
increased  accordingly.  The  optimal  scan  number  was  determined  to  be  between  16  and  32.  In 
brief,  PPY/phenol  red  fihns  made  from  the  CV  method  appeared  smoother  than  those  made  from 
either  the  chronopotentiometry  or  the  chronoamperometry  method. 


Figure  60:  SEM  images  of  smoother  PPy/  phenol  red  films  due  to  the  use  of  cyclic  voltammetry 


The  release  of  phenol  red  in  solution  from  PPY/phenol  red  coated  on  these 
microelectrodes  was  the  next  study.  Initially,  a  PPy/phenol  red  film  was  coated  on  100  p,m 
diameter  gold  wire  using  chronoamperometry.  Figure  61  shows  the  electrochemical  apparatus  for 
measuring  the  release  of  phenol  red.  As  shovra  in  Figure  61  (a  -  d),  a  pink  color  associated  with 
the  released  phenol  red  was  observed  after  -Iv  was  applied  to  the  electrode.  Work  was  then 
conducted  on  applying  a  similar  system  to  observe  the  release  of  phenol  red  from  the 
microelectrodes.  More  phenol  red  could  be  released  by  increasing  the  thickness  of  PPY/phenol 
red  film. 
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Figure  61:  The  release  of  phenol  red  from  PPY/phenol  red  on  a  Au  wire  in  a  solution 


Figure  62  displays  a  schematic  diagram  of  the  microelectrode  test  chip  similar  to  ones 
that  were  developed  using  the  microlithography  process.  This  design  allows  for  quick 
fabrication,  and  subsequently  quick  testing  of  the  release  experiments.  Each  microelectrode  (1-8 
or  a-h)  can  be  coated  with  a  PPY/dopant  film  via  our  electro-polymerization  method  and  ideally 
the  dopant  from  each  microelectrode  can  be  released  individually  when  a  voltage  is  applied.  The 
design  for  controlled  release  devices  on  a  chip  contains  16  microelectrodes  with  four  different 
sizes  fabricated  on  any  given  substrate.  The  size  of  the  microelectrode  varies  as  follows:  250p.m 
x250pm,  500pm  x500pm,  750pm  x750pm  and  1000pm  xlOOOpm.  Gold  is  used  as  the 
electrode  material  and  the  microelectrodes  are  patterned  on  the  substrate  via  thermal  vapor 
deposition  using  a  mask  design.  Figure  63  is  a  photograph  of  an  actual  device  before  (63a)  and 
after  (63b)  it  was  deposited  with  PPY/Dopant.  14  of  16  microelectrodes  in  Figure  (63b)  were 
coated  with  PPY/Phenol  red  on  the  surface.  A  bi-potentiostat  was  employed  for  the  electro¬ 
polymerization  experiments  and  the  release  study.  Figure  64  shows  an  SEM  micrograph  of  one 
of  the  electrodes  that  was  electro-polymerized  with  PPY/phenol  red. 
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a)  Control  b)  Deposited  with  PPY/Dye  on  14 

microelectrodes 

Figure  63:  A  chip  with  16  Au  microelectrodes  on  a  silicon  wafer 
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Figure  64:  SEM  micrographs  of  the  deposition  of  PPY/dye  on  the  surface  of  a  microelectrode 


Figure  65  shows  the  subsequent  release  of  phenol  red  after  -1.0  V  is  applied  to  the 
electrode,  which  confirms  release  at  the  microelectrode  level.  Notice  also  that  when  the  same 
voltage  is  applied  to  a  second  electrode  which  is  covered  with  PPy/tetrabromo  phenol  blue,  the 
same  release  phenomenon  is  also  observed,  thus  demonstrating  the  ability  to  release  two 
different  release  agents  that  are  electro-polymerized  on  the  same  microelectrode  test  device. 


Figure  65:  The  simultaneous  release  of  phenol  red  and  blue 
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A  Study  was  conducted  to  determine  the  amount  of  the  released  dye  molecules  in  a 
solution.  PPY/phenol  red  was  deposited  on  the  surface  of  the  microelectrodes  and  the  charges 
(Q)  passed  through  the  electrode  during  the  polymerization  was  measured.  Figure  66  shows  the 
current-time  curves  obtained  from  electro-polymerization  on  four  microelectrodes  with  the 
electrode  area  varying  from  250|im  x250pm  to  500pm  x500pm  to  750pm  x750pm  to  1000pm 
X  1000pm.  Since  other  factors  were  kept  constant  during  polymerization,  the  current  passing 
through  each  microelectrode  is  proportional  to  the  microelectrode  area.  The  charge  that  passes 
through  each  of  the  micro-electrodes  can  be  determined  by  integrating  the  current-time  (i-t) 
curve. 


Phenol  red  from  the  film  was  released  into  a  tris-buffered  solution  for  60  minutes  when  a 
potential  (-1.2v)  was  applied  to  the  device  and  the  amount  of  the  released  phenol  red  was 
obtained  from  a  UV  vis  spectrometer.  When  the  amount  of  the  released  phenol  red  is  plotted 
against  the  charges  (Q)  passed  through  the  electrode  during  the  polymerization,  a  linear 
correlation  was  obtained  as  shown  in  figure  67.  This  correlation  can  be  used  to  estimate  how 
much  of  the  phenol  red  can  be  released.  The  ratio  of  actual/theoretical  released  phenol  red  is 
between  0.12  and  0.25,  indicated  that  up  to  25%  incorporated  phenol  red  can  be  released  from 
the  PPy  within  60  minutes. 


Figure  66:  The  Current-Time  Curves  of  the  Chronoamperometry  in  electro-polymerization  of 
PY  where  green  curve  is  for  250x250  pm^,  red  curve  is  for  500x500  pm^,  blue  curve  is  for 
750x750  pm^  and  purple  curve  is  for  1000x1000  pm^ 


62 


Multiple  Strategy  Bio-Detection  Sensor  Platforms  made  from  Carbon  and  Polymer  Materials 

Center  for  Applied  Science  and  Engineering,  Missouri  State  University,  Springfield  MO 


0  100  200  300  400  500  600 

Deposition  Coulomb  (mC) 


Figure  67:  The  linear  correlation  between  the  charges  (coulomb)  in  electro-polymerization  and 
the  amount  of  phenol  red  released  in  the  solution 


c.  Fabrication  of  a  gel  layer  and  release  of  dye  molecules 

Previous  release  experiments  have  focused  on  the  release  of  dopant  in  aqueous  solution. 
Although  the  release  of  phenolred  as  well  as  other  dopants  has  been  demonstrated  earlier  in  this 
report,  the  release  of  the  dopants  in  other  media  is  unknown  but  may  have  potential  applications 
in  many  fields.  Many  hydrogel  materials  are  commercially  available.  To  demonstrate  release  in  a 
gel  layer,  an  alginate  based  hydrogel  was  used  because  an  electrolyte  is  already  present  in  the 
hydrogel.  In  a  typical  experiment,  the  hydrogel  layer  of  alginate  is  prepared  by  adding  O.IM 
Calcium  chloride  solution  onto  wet  coating  of  sodium  alginate,  followed  by  cooling  it  at  -4“C  for 
30  minutes. 

In  our  initial  study,  the  PPY/Phenol  red  layer  was  deposited  onto  the  surface  of  both 
small  carbon  electrodes  as  well  as  the  Au  microelectrodes  on  the  test  chip  via  electro¬ 
polymerization.  Then  alginate  hydrogel  was  fabricated  onto  the  surface  of  the  device  to  cover 
both  the  working  and  counter  electrodes  and  the  device  was  then  ready  for  the  release 
experiment.  A  bipotentiostat  was  used  with  a  two  or  three  electrode  system  in  the  release  study 
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and  different  potentials  ranging  from  -1.0  to  -2.5  V  were  applied  to  the  device  to  initiate  release 
of  the  dye  molecule,  which  was  monitored  with  a  digital  camera. 

As  shown  in  Figure  68,  the  appearance  of  red  color  in  the  gel  between  the  center  carbon 
working  electrode  and  the  ring  carbon  counter  electrode  indicated  that  phenolred  was  released 
into  the  gel  after  a  potential  was  applied  to  the  device  for  1  hour.  Similar  release  of  phenolred 
from  PPY/phenol  red  on  four  of  the  Au  microelectrodes  into  the  gel  was  also  demonstrated  as 
shown  in  figure  69  after  the  potential  was  applied  to  the  device.  Compared  with  the  released 
process  in  aqueous  solution,  the  release  process  within  the  gel  layer  is  slower  and  all  released 
molecules  remain  within  a  small  area.  This  is  because  the  diffusion  of  released  dye  molecules 
within  the  gel  layer  is  slower  than  that  in  aqueous  solution. 


Figure  68:  Release  of  phenol  red  from  PPY  on  a  single  carbon  electrode  into  the  gel 
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d.  Drug  release  study 

In  the  initial  study,  ampicillin  (amp),  an  antibiotic,  was  incorporated  into  the  PPY  film  on 
our  small  carbon  electrode  via  the  chronopotentiometry  method  where  the  current  was  kept 
constant.  Although  previous  results  showed  that  amp  can  be  released  into  the  buffer  solution 
when  a  potential  is  applied  to  the  PPY/AMP  coated  electrode,  a  number  of  difficulties  were 
faced  which  included  (1)  deposition  of  smooth  films  on  the  electrode,  (2)  the  loading  of  amp  in 
PPY/amp  film,  (3)  the  stability  of  ampicillin  in  PPY,  and  (4)  the  release  of  amp  in  a  controlled 
manner.  Several  methods  including  chronopotentiometry,  chronoamperometry,  and  cyclic 
voltammatry  were  employed  to  prepare  PPY/amp  on  the  surface  of  small  carbon  electrodes. 
Results  showed  that  none  of  the  above  mentioned  methods  provided  a  smooth  PPY/amp  film  on 
the  surface  of  the  carbon  electrode. 

The  effort  to  establish  a  protocol  to  well  detect  the  released  ampicilin  in  a  buffered 
solution  was  also  continued.  Initially,  tris-buffered  solution  was  to  be  used  for  the  experiment, 
however  it  was  found  fi'om  literature  that  ampicillin  in  solution  is  not  very  stable  at  a  pH  above 
7.  Since  the  pH  of  tri-buffered  solution  is  about  7.4,  it  was  decided  to  switch  to  phosphate 
buffered  solution  where  the  pH  can  be  controlled  fi'om  acidic  to  basic.  High  Performance  Liquid 
Chromatography  (HPLC)  was  used  for  detecting  ampicillin  in  the  buffered  solution  and  the 
working  curve  at  a  pH  equal  to  4.3  was  established  by  monitoring  the  absorbance  of  ampicilin  at 
204  nm. 

e.  Release  of  biologically  active  molecules  fiom  polypyrrole 

Cyclic  voltammetry  (CV)  was  used  to  determine  whether  the  drug  dopant  of  interest 
would  be  electroactive  or  not  during  the  electro-polymerization  process  of  PPY/drug  dopant. 
Several  molecules  were  tested  including  sulfacetamide  sodium  salt,  naproxen  sodium  salt. 
Sodium  acetate,  sodium  chloride,  and  sodium  nitrate  were  employed  as  controls.  CV  or 
chronoamperometry  was  used  to  electro-polymerize  pyrrole  in  the  presence  of  the  dopant  drug 
anion. 

i.  Sulfacetamide 

As  shown  in  figure  70,  a  significant  current  increase  starts  at  approximately  0.7  V  and 
peaks  at  about  1.1  V.  Upon  the  second  scan  an  oxidation  peak  at  0.45  V  and  a  reduction  peak  at 
about  -0.2  V  was  observed.  This  implies  that  sulfacetamide  is  electroactive  in  the  potential 
window  for  electro-polymerization.  As  shown  in  figure  7 1 ,  an  oxidation  peak  associated  with 
pyrrole  during  the  first  scan  was  observed.  However,  subsequent  scans  show  a  dramatic 
decrease  in  peak  current,  which  suggests  further  polymerization  either  stops  or  the 
polymerization  rate  reduces  rapidly.  After  carefully  examining  the  surface  of  the  electrode, 
formation  of  a  PPY/Sulfacetamide  film  was  not  produced. 
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Figure  70:  Cyclic  voltammograms  of  sulfacetamide  in  water 
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Figure  71:  Cyclic  voltammograms  of  sulfacetamide  sodium  salt  in  pyrrole  aqueous  solution 
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ii.  Naproxen 

Naproxen  sodium  salt  was  the  second  drug  molecule  that  was  tested.  The  pH  of  the 
naproxen  salt  solution  was  10.15  and  the  pH  of  naproxen/pyrrole  solution  was  9.97.  An  attempt 
was  made  to  adjust  the  pH  of  the  solution  (8.6,  7.68  and  7.5).  However,  at  a  pH  lower  than  9.0  it 
was  observed  that  the  naproxen  salt  precipitated  out  of  solution  and  more  of  the  drug  precipitated 
out  as  the  pH  decreased  further.  Figure  72  shows  the  CV  of  naproxen  itself  in  an  aqueous 
solution.  Clearly  an  oxidation  peak  at  0.8  V  was  noticed;  the  same  potential  was  used  for  pyrrole 
polymerization.  This  result  certainly  suggests  that  there  are  problems  with  trying  to  incorporate 
naproxen  as  the  dopant  into  PPY. 

The  amperometry  method  was  also  attempted  to  try  to  prepare  PPY/naproxen  on  the 
electrode  surface,  but  again  no  polymer  formation  was  observed.  By  switching  to  the 
chronopotentiometry  method,  a  white  material  did  form  on  the  electrode  surface.  The  white 
material  is  thought  to  be  naproxen  coming  out  of  solution  and  depositing  on  the  surface  of  the 
electrode  and  it  was  again  observed  that  no  PPY  was  deposited  on  the  electrode  surface. 


Figure  72:  Cyclic  voltammograms  of  naproxen  in  water 


iii.  Acetate 

Acetic  acid  was  neutralized  with  0. 1  M  sodium  hydroxide  aqueous  solution  to  a  pH  of 
7.01,  6.01,  and  3.05.  Figure  73  shows  CV  of  acetic  acid  at  pH  7.01  and  the  current  increased  at 
0.8  V.  This  suggested  that  acetate  is  electroactive  at  0.8  V  and  again  it  would  be  difficult  to 
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introduce  acetate  into  PPY  as  the  dopant.  It  was  thought  that  changing  the  pH  of  the  solution 
may  change  the  oxidation  potential,  but  it  was  determined  that  the  CV  of  acetic  acid  at  pH  6.01 
and  3.05  showed  the  similar  curves  to  that  at  pH  7.01 . 


Despite  of  the  observance  of  acetate  being  electroactive  at  0.8  V,  a  PPY/acetate  film  was 
still  prepared  using  the  CV  method.  Figures  74a  and  74b  show  cyclic  votammograms  of  electro¬ 
polymerization  of  pyrrole  in  the  presence  of  acetate.  In  Figure  73a  a  pyrrole  oxidation  peak  was 
observed  when  the  oxidation  potential  increased  to  0.8  V  or  above.  In  figure  74b,  an  oxidation 
peak  associated  with  pyrrole  during  the  first  scan  was  observed.  However,  subsequent  scans 
show  a  dramatic  decrease  in  peak  current,  which  suggests  that  further  polymerization  either  stops 
or  the  polymerization  rate  reduces  rapidly.  After  carefully  examining  the  surface  of  the  electrode, 
it  was  again  evident  that  there  was  no  formation  of  PPY/acetate  on  the  electrode  surface. 
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Figure  73:  Cyclic  voltammograms  of  sodium  acetate  in  DI  water 
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Cyclic  Voltammetry  of  pyrrole  In  Na  acetate 


Potential  (mV)  vs.  SCE 

Figure  74a:  Cyclic  voltammograms  of  electro-polymerization  of  pyrrole  in  the  presence  of  0.1 
M  sodium  acetate  with  different  scan  ranges 


Cyclic  Voltammetry  for  the  pofymerizntion  of  pyrrole  In  Na  acetate 


Potential  (mV)  vs.  SCE 

Figure  74b:  Cyclic  voltammograms  of  electro-polymerization  of  pyrrole  in  the  presence  of  0.1 
M  sodium  acetate  with  10  scans 
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iv.  Ampicillin 

In  previous  reports  polymerization  of  pyrrole  in  the  presence  of  ampicillin  was  studied 
via  the  chronopotentiometry  method  where  the  current  was  kept  around  0.1  to  0.05  mA.  Other 
methods  to  electro-polymerize  pyrrole  in  the  presence  of  ampicillin  were  also  evaluated.  With 
the  chronoamperometry  method  0.8  V  was  applied  to  the  electrode  to  polymerize  pyrrole  for 
various  amounts  of  time.  The  formation  of  a  PPY/ampicillin  film  was  not  observed  on  the 
surface  of  the  electrode.  Figure  75  shows  the  current  changing  during  the  polymerization.  One 
can  see  that  the  current  decreased  from  5  to  less  than  0.5  pA  after  100  seconds.  The  initial 
current  decay  certainly  suggests  that  a  non-condueting  or  less  eonducting  layer  formed  on  the 
surface  of  the  electrode,  which  hindered  the  further  growth  of  the  film. 

The  CV  method  was  also  evaluated,  with  a  scan  potential  from  -0.4  V  to  0.9  V  and  scan 
rate  of  50  mV/s  for  50  cycles  to  deposit  PPY/ampicillin  on  the  electrode  surface.  Again,  it  was 
observed  that  there  was  no  formation  of  PPY/ampicillin  on  the  surface  of  the  electrode.  As 
shown  in  Figure  76  the  initial  CV  exhibits  a  peak  for  the  oxidation  of  pyrrole.  However, 
subsequent  CVs  were  representative  of  the  formation  of  a  less  condueting  passive  layer  on  the 
electrode  surface.  This  observation  agrees  with  the  result  from  the  chronoamperometry  method. 

The  chronopotentiometry  method  was  also  conducted  with  a  constant  current  of  0.1  mA 
applied  to  an  electrode  that  was  immersed  in  a  solution  of  equimolar  pyrrole  and  Amp  as  before. 
Ampicillin  (Amp)  salt  was  used  in  the  reaetion  and  the  pH  of  the  Amp/pyrrole  solution 
(equimolar)  was  9.3.  Although,  a  film  growth  was  observed  on  the  surface  of  the  electrode  as 
well  as  the  release  of  ampieillin,  the  data  indicated  that  PPY/ampicillin  does  not  behave  like 
PPY/phenol  red.  PPY/ampicillin  may  over-oxidized  during  the  polymerization. 


Time  (s) 


Figure  75:  Current  vs.  time  during  the  polymerization  when  a  potential  of  0.8  V  was  applied 
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Potential  (mV)  vs.  SCE 


Figure  76:  Cyclic  voltammograms  of  electropolymerization  of  pyrrole  in  the  presence  of  0. 1  M 
ampicillin  sodium  salt 


V.  Trichloroacetic  acid 

For  tricholoracetic  acid  the  CV  method  was  used  to  initially  test  the  electroactivity  of 
trichloroacetic  acid  in  DI  water.  The  scan  potential  window  ranged  from  -0.4  V  to  0.9  V  with  a 
scan  rate  of  50  mV/S  and  the  result  didn’t  show  a  significant  current  change  at  0.8  V.  This 
suggests  that  TAA  is  not  an  electroactive  molecule  in  the  potential  range  used  and  therefore  can 
potentially  be  used  as  a  dopant  for  polypyrrole.  A  PPY/TAA  film  did  form  on  the  surface  of  the 
electrode. 

Based  on  the  results  discussed  above,  a  summary  of  the  results  is  provided  in  Table  1. 
One  can  see  that  both  sodium  salicylate  and  trichloroacetic  acid  are  not  electroactive,  and 
consequently  PPY/dopant  films  were  formed  on  the  surface  of  the  electrode.  Sodium  acetate, 
naproxen,  and  sulfacetamide  sodium  salt  are  electroactive  and  therefore  hinder  electro- 
polymerization  of  pyrrole.  For  sodium  acetate  and  Naproxen,  either  CH3  or  CH  attached  to 
carboxylic  acid  in  the  dopant  may  be  oxidized  into  a  radical  during  the  CV  screen  and  the 
resulting  radieal  may  quench  electro-polymerization  of  pyrrole.  This  is  probably  why  it  is 
observed  that  there  is  a  rapid  current  decrease  after  a  short  period  when  using 
chronoamperometry  or  that  the  oxidation  peak  decreases  after  the  first  cycle  when  using  cyclic 
voltammetry. 

Formation  of  PPY/dopant  on  the  surface  of  the  electrode  was  not  observed,  but  it  is 
suggested  that  the  pKa  value  for  carboxylic  acids  plays  a  decisive  role  in  PPY  film  growth. 
When  carboxylates  whose  conjugate  aeids  have  pKa  values  greater  than  that  of  p-nitrobenzoic 
acid  (pKa  =  3.40)  were  used  as  dopants,  no  appreciable  film  growth  of  PPY  was  observed.  The 
absence  of  PPY  film  growth  in  the  presence  of  a  carboxylate  whose  conjugate  acid  pKa  is  greater 
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than  3.40  can  be  explained  by  assuming  that  the  electrostatic  interaction  is  too  strong  for  the 
deposited  film  to  possess  any  appreciable  conductivity.  The  finding  that  the  very  thin  films 
prepared  in  such  environments  did  not  show  any  redox  activity  provides  further  indirect  evidence 
for  the  insulating  properties  of  PPY  films  prepared  in  this  manner.  Unfortunately,  most  of  the 
possible  drug  candidates  for  that  were  studied  for  this  application  contains  carboxylic  acid 
groups  whose  pKa  is  greater  than  3.4;  therefore  this  PPY/dopant  approach  as  a  drug  release 
device  is  limited  to  only  a  few  drug  molecules. 


Table  1:  Summary  of  the  Dopants 


No 

Name  of  the  Dopant 

Electrochemical 
activity  between 

0.4  and  0.9V 

Polymer  formation 
in  the  presence  of 
Pyrrole  via  constant 
current 

pKa  of  the  acid 

1 

Sodium  Salicylate 

No 

Yes 

2.4 

2 

Trichloroacetic  acid 

No 

Yes 

1.2 

3 

Sodium  acetate 

Yes 

No 

4.74 

4 

Naproxen 

Yes 

No 

4.8 

5 

Ampicillin  sodium  salt 

Unknown 

No 

2.5  (-COOH) 
7.3  (-NH2) 

6 

Sulfacetamide  sodium  salt 

Yes 

No 

5.4 
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1.3.2.5  Biological  Sample  Collection  Technology 

a.  Generic  prototype  Instrument  and  collection  strategies 

All  bio-aerosol  collection  systems  follow  a  similar  chronology  during  the  course  of  their 
operation:  (1)  air  intake,  (2)  capturing  interface,  and  (3)  sample  transport  to  detector  [10,1 1],  In 
order  to  design  the  most  efficient  collection  system,  the  parameters  of  these  three  stages  were 
optimized.  The  air  intake  should  be  large  enough  to  ensure  that  if  antigens  are  present  in  the  air 
they  will  be  collected.  The  interface  area  must  be  sufficient  so  that  every  antigen  present  has  an 
opportunity  to  be  captured.  The  collected  material  must  be  transported  quickly  to  the  detector 
and  in  a  concentrated  medium  for  quick  and  easy  detection. 

Figure  77  shows  a  block  diagram  of  a  generic  antigen  collection  system.  This  portion  of 
the  project  entailed  the  investigation  of  different  biological  collection  systems,  which  would 
further  allow  for  the  design  and  construction  of  a  novel  collection  system.  Macroscopic  volumes 
of  air  or  water  are  passed  into  a  cell  where  a  buffer  solution  is  atomized  to  keep  a  thin  mist  film 
of  buffer  over  the  two  CPMEMS  devices  at  all  times.  The  air  or  water  to  be  tested  is  mixed  with 
this  buffer  solution.  The  major  advantage  of  using  an  ultrasonic  transducer  to  atomize  the  buffer 
solution  is  that  all  the  constituents  of  the  buffer  solution  as  well  as  the  test  air  and  liquid  are 
produced  in  vapor  form  [12]. 
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- ► 
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Buffer  In 
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Drain 


Figure  77:  The  antigen  collection  cell  must  provide  a  constant  film  of  buffer  solution  over  the 
CPMEMS  bio-detectors.  This  is  done  with  an  ultrasonic  ‘atomizer’  or  mist  generator.  The  test  air 
or  water  is  mixed  with  the  buffer  solution  then  turned  into  a  mist  by  the  ultrasonic  transducer. 
Unlike  a  boiling  process,  the  mist  generator  creates  a  composite  mixture  of  the  chemicals  and 
biologicals  present  in  the  buffer  solution. 

In  developing  a  biosensor,  autonomous  operation  and  continuous  sampling  are  two  issues 
that  were  considered  when  dealing  with  “real  world”  applications.  In  developing  a  biosensor 


73 


Multiple  Strategy  Bio-Detection  Sensor  Platforms  made  from  Carbon  and  Polymer  Materials 

Center  for  Applied  Science  and  Engineering,  Missouri  State  University,  Springfield  MO 


that  can  perform  autonomously,  it  is  necessary  to  develop  a  biological  sample  collection  system 
that  can  sample  a  relatively  large  area  continuously.  Collection  of  finite  volumes  of  analyte  at 
any  given  time  would  lead  to  a  statistical  probability  that  the  sample  will  not  have  a  sufficient 
concentration  of  antigen.  It  is  also  possible  that  if  sample  collection  is  not  continuous,  events  of 
interest  that  may  occur  in  a  window  of  time  could  be  missed.  Therefore,  a  system  that  allows  for 
continuous  automatic  collection  of  biologies  in  air  or  water  would  increase  the  reliability  of  the 
biosensor. 

b.  ISAVAC  collection  system 

A  couple  of  variations  of  a  collection  system  schemes  were  investigated,  as  was  reported 
in  previous  interim  reports.  All  investigated  variations  still  have  promise  of  being  viable 
collection  systems  with  further  engineering,  but  it  was  the  ISAVAC  system  which  had  the  most 
promise  for  a  eontinuous,  autonomous  collector  of  biologies  from  the  air.  Originally  designed  as 
an  air  purification  system  for  commercial  applications  (i.e.  homes,  offices,  hospitals,  etc.),  the 
system  was  modified  to  collect  biological  material  from  the  air. 

A  particle  separation  system  was  also  investigated  to  work  in  conjunction  with  the  main 
collection  system.  Once  an  analyte  was  captured  from  an  arbitrary  environment,  there  would  a 
wide  range  of  particles  that  would  be  collected  (i.e.  dirt,  pollen,  bacteria,  viruses,  etc).  An 
ultrasonic  “cracking”  technique  that  was  capable  of  mass  separation  of  the  collected  particles 
into  groups  was  reported  in  previous  interim  reports.  A  system  that  would  allow  for  particle 
separation  of  the  collected  analyte  would  serve  as  an  initial  particle-type  analysis  system. 
Separating  the  particles  into  groups  of  different  sizes  and/or  masses  would  make  it  easier  to 
detect  the  antigens  of  interest. 

Again,  as  with  the  other  collection  systems  that  were  investigated,  this  type  of  particle 
separation  based  on  mass  has  promise  with  further  engineering.  The  design  of  the  final 
collection  system  in  part  depended  on  the  analyte  being  detected.  With  a  number  of  variations 
that  were  investigated,  a  wide  range  of  analytes  could  be  collected.  However,  since  the  smdy  on 
the  self  assembled  protein  layer  for  biological  event  detection  showed  that  the  most  feasible 
detection  method  would  be  the  use  of  oligonucleotides  rather  than  the  protein  antibody  approach, 
a  need  for  mass  separation  would  not  be  required. 

The  ISAVAC  was  purchased  form  ISAVAC  Ideal  Atmospheres,  Inc.,  and  was  modified 
such  that  it  could  be  tested  to  function  as  a  means  for  bio-collection.  The  ISAVAC  is  a  filter-less, 
self-cleaning  system  that  uses  a  liquid  sub-micron  particle  collection  medium.  Water  is 
introduced  into  the  system  and  then  accelerated  by  an  impeller  onto  an  anvil  which  aerosolizes  it 
while  simultaneously  mixed  with  the  intake  air  from  the  environment.  This  ereates  a  dynamic 
particle  removal  system  where  the  tiny  particles  form  the  environmental  air  are  entrapped  in  the 
water  droplets  and  then  discharged  to  a  drain.  The  piunfied  air  is  then  sent  back  into  the 
environment. 

Figure  78  below  shows  an  image  of  the  modified  air  purification  system  along  with  a 
schematic  diagram  of  the  process  of  collecting  biological  particulates  from  the  environment. 
Figure  78  a)  is  the  actual  picture  of  the  ISAVAC  system  with  a  closed  system  attachment  and 
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HEPA  filter.  Figure  78  b)  is  the  schematic  diagram  of  the  ISAVAC  system  with  the  closed 
system  attachment  HEPA  filter  and  arrows  showing  the  flow  of  air  (red  indicating  contaminated 
incoming  air  and  green  indicating  clean  outgoing  air). 


Figure  78:  a)  Actual  image  of  the  ISAVAC  system  b)  Schematic  of  the  ISAVAC  system 


The  water  that  is  discharged  to  the  drain  is  collected  in  a  collection  bucket,  where  it  is 
then  recycled  by  being  pumped  back  up  into  the  system,  therefore  concentrating  the  collected 
solution  over  time.  The  square  box  with  the  vent  and  HEPA  filter  is  called  the  closed  system 
attachment.  The  attachment  is  connected  to  the  input  opening  of  the  ISAVAC  system  by  a  series 
of  piping  that  is  connected  to  a  clear  acrylic  box  with  a  2  micron  HEPA  filter  and  a  vent.  The  air 
is  drawn  in  the  vent  and  passes  through  the  ElEPA  filter  into  the  box  and  on  through  the  piping  to 
the  ISAVAC’s  main  compartment.  This  attachment  can  be  easily  removed  from  the  collection 
system  based  on  the  type  of  study  being  conducted.  The  importance  of  this  attachment  is  that 
particles  2  micron  and  larger  cannot  pass  through  the  filter,  and  thus  the  air  that  enters  the  box  is 
for  the  most  part  contaminant  free.  We  can  then  only  collect  nonpathogenic  bacteria  that  we 
purposely  introduce  into  the  system  to  create  a  control  collection  study.  For  real  world 
applications,  the  Closed  System  Attachment  would  simply  be  taken  off,  and  the  inlet  could  be 
connected  to  any  building  air  handling  system  that  would  allow  for  collection  of  biologies. 

A  number  of  studies  were  conducted  to  determine  the  viability  of  the  ISAVAC  system  to 
operate  as  a  bio-collection  system.  These  studies  included  evaporation  rate  of  the  liquid  medium 
used  to  capture  particulates,  particle  collection  of  known  analytes,  as  well  as  the  size  distribution 
of  particulates  that  the  system  would  be  able  to  capture.  It  was  noted  that  as  the  system  ran  over 
a  period  of  time,  even  with  recycling  of  the  liquid  medium  into  the  collection  chamber  to 
concentrate  the  solution,  that  the  volume  of  the  liquid  medium  decreased.  Therefore,  a  study  was 
conducted  to  determine  the  evaporation  rate  of  the  liquid  medium.  Autoclaved  deionized  water 
was  used  as  the  liquid  medium  because  the  desired  source  of  analyte  being  captured  would  be 
strictly  collected  from  the  air  environment  for  a  controlled  study.  It  was  noted  that  the  humidity 
at  the  exit  of  the  system  was  rather  high  and  therefore  autoclaved  deionized  water  used  to  collect 
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the  airborne  particulates  evaporated  at  a  certain  rate.  10.25  L  of  the  autoclaved  deionized  water 
was  added  to  the  collection  bucket,  and  the  system  ran  for  4  hours.  The  environment  humidity, 
exhaust  humidity,  temperature,  and  amount  of  water  in  the  collection  bucket  were  monitored 
every  30  minutes. 

The  rate  of  evaporation  was  determined  by  finding  the  slope  of  the  volume  of  water 
versus  time  graph  in  figure  79,  which  was  determined  to  be  -2.085  L/hr.  A  high  rate  of 
evaporation  meant  that  the  particulates  that  were  being  captured  were  evaporating  at  a  large  rate 
and  therefore  the  concentration  of  the  final  collected  solution  was  not  very  effective.  We 
determined  that  a  large  amount  of  the  water  used  to  collect  the  particulates  was  evaporating  due 
to  the  humidity  caused  at  the  exit  of  the  system.  It  was  determined  after  further  review  that  an 
isothermal  condenser  would  need  to  be  installed  on  the  output  of  the  system  to  decrease  the  rate 
of  evaporation. 


Figure  79:  Evaporation  rate  of  the  system  collection  solution 


For  the  study  that  was  conducted  in  a  closed  environment  to  determine  collection  of 
known  bacteria,  4.25  L  of  autoclaved  deionized  water  was  added  to  the  collection  bucket  and 
kept  constant  throughout  the  study.  The  system  ran  for  6  hours  with  a  5  ml  sample  collected 
every  hour  including  at  time  0.  After  collection,  60  pL  of  each  sample  was  plated  on  an  LB  agar. 
The  remaining  samples  in  the  vials  were  then  centrifuged  for  5  minutes  at  3000  rpm  at  4°C 
where  all  but  100  pL  of  the  supernatant  was  removed  and  the  pellet  was  re-suspended,  and  60  pL 
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was  spread  onto  new  LB  plates.  All  plates  were  incubated  overnight  at  27.5°C  and  colony 
forming  units  were  then  counted. 

This  study  was  done  to  determine  the  number  of  colonies  that  could  be  grown  from  the 
collected  solution  after  a  6  hour  run.  Each  sample  was  plated  on  an  LB  agar  and  the  remaining 
sample  solution  was  centrifuged  then  plated  to  determine  if  centrifuging  the  samples  would 
obtain  a  higher  number  of  colonies  per  plate  to  get  a  more  accurate  count.  Figure  80  shows 
bacteria  collected  by  the  system  over  time,  and  the  growth  of  colonies  on  the  LB  agar  showed 
that  the  system  did  in  fact  collect  some  form  of  bacteria.  The  graph  also  shows  that  the 
concentration  of  biological  material  in  the  collected  solution  decreased  over  time.  This  decrease 
in  concentration  is  directly  correlated  to  the  loss  of  solution  due  to  humidity  issues  with  the 
system.  The  plates  that  contained  the  centrifuged  samples  had  many  more  colonies  than  the 
plates  with  the  non-centrifuged  samples.  Also,  no  colonies  appeared  at  time  “0”  where  the 
samples  taken  were  of  the  autoclaved  deionized  water  that  had  ran  through  the  system  for  a  short 
interval  of  time,  which  signified  that  at  time  “0”  the  system  was  clean  prior  to  collection,  and  all 
microorganisms  that  were  collected  after  time  “0”  had  been  collected  by  the  system. 


Figure  80:  Bacteria  collected  by  the  system  over  time 


Another  similar  study  was  conducted  outdoors  where  5.0  L  of  autoclaved  deionized  water 
was  added  to  the  collection  bucket  and  kept  constant  throughout  the  study.  To  measure  the 
effectiveness  of  the  system,  seven  uncovered  LB  plates  were  set  outside  on  a  table  next  to  the 
system  as  it  was  running.  A  comparison  was  made  to  determine  the  amount  of  growth  of 
microorganisms  on  each  plate  that  sat  in  an  ambient  outdoor  environment  compared  to  the  rate  of 
growth  for  plates  that  contained  solution  that  was  collected  by  the  system.  The  system  ran  for  3 
hours  with  a  10  ml  sample  collected  every  30  minutes.  After  every  30  minutes  that  a  sample  was 
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collected,  one  LB  plate  that  was  placed  out  in  ambient  air  was  covered  and  refrigerated.  After 
collection,  the  samples  were  centrifuged  for  5  minutes  at  3000  rpm  at  4°C  where  all  but  150  pL 
of  the  supernatant  was  removed  and  the  pellet  was  re-suspended,  and  60  pL  was  spread  onto  new 
LB  plates  for  the  collected  solutions.  All  plates,  including  the  plates  set  outside  during  collection, 
were  ineubated  overnight  at  37.5°C  and  colony  forming  units  were  then  counted. 

The  number  of  colony  forming  units  counted  on  the  LB  plates  after  incubating  overnight 
at  37.5°C  for  both  the  plates  that  sat  outside  in  ambient  air  and  the  plates  that  had  the  colleeted 
solution  is  shown  in  figure  81.  It  was  noted  that  the  number  of  colonies  on  each  plate  that  had  the 
collected  solution  was  larger  by  a  multiplied  factor  of  approximately  830  compared  the  number 
of  colonies  on  each  of  the  time  correspondent  plates  left  out  in  ambient  air.  This  elearly  confirms 
that  this  system  is  far  more  effective  in  collecting  microorganisms  rather  than  trying  to  collect 
them  without  any  sort  of  eollection  device. 
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Figure  81:  Number  of  colony  forming  units  counted 


The  last  study  that  was  conducted  was  the  controlled  collection  experiments,  where 
Escherichia  coli  HBlOl  K-12  was  used  as  a  test  microorganism.  This  strain  of  E.  coli  is 
classified  as  enteric  meaning  it  is  naturally  found  in  the  body’s  intestinal  tract  where  it  helps 
provide  a  source  for  Vitamin  K  and  B-complex  vitamins.  This  microorganism  was  chosen 
because  its  doubling  time  is  about  20  minutes  in  ideal  conditions,  making  it  is  easy  to  get  large 
amounts  of  bacteria  that  we  need,  it  is  nonpathogenic,  and  its  genome  is  well  understood  and 
easily  modified. 


78 


Multiple  Strategy  Bio-Detection  Sensor  Platforms  made  from  Carbon  and  Polymer  Materials 

Center  for  Applied  Science  and  Engineering,  Missouri  State  University,  Springfield  MO 


For  this  study,  4.0  L  of  autoclaved  deioaized  water  was  initially  added  to  the  collection 
bucket  and  kept  constant  throughout  the  study.  The  closed  system  attachment  with  a  2  micron 
HEP  A  filter  was  connected  to  the  system  and  140  pL  of  Escherichia  coli  in  an  LB  solution  at  a 
concentration  of  3.0  x  10^  bacteria/ml  was  added  to  a  small  ultrasonic  humidifier,  which  was 
placed  inside  the  closed  system  attachment  box.  The  ultrasonic  humidifier  was  then  turned  on, 
allowing  the  bacteria  to  be  aerosolized  such  that  the  collection  system  could  collect  the  bacteria. 
This  was  also  done  to  determine  whether  or  not  a  biological  particle  of  known  size  can  be 
collected.  Initially,  15  ml  of  water  fi-om  the  collection  bucket  was  removed  with  a  new 
disposable  syringe  and  stored  in  a  sterile  15mL  conical  vial.  The  system  ran  for  3  hours  with  a  15 
ml  sample  collected  every  20  minutes.  After  every  sample  was  collected,  the  humidity  and 
temperature  of  the  room  was  recorded  and  autoclaved  deionized  water  was  added  to  the 
collection  bucket  to  maintain  a  constant  volume  of  4.0  L.  The  samples  were  centrifuged  for  5 
minutes  at  3000  rpm  at  4°C  where  all  but  100  pL  of  the  supernatant  was  removed  and  the  pellet 
was  re-suspended,  and  60  pL  was  spread  onto  LB  plates.  Plates  were  incubated  overnight  at 
37.5°C  and  colony  forming  units  were  then  counted. 

Figure  82  does  show  that  nonpathogenic  E  coli  was  captured  by  the  system.  It  was 
determined  that  the  lack  of  linearity  from  the  graph  of  the  collection  can  be  attributed  to  the  high 
rate  of  evaporation  of  the  solution  in  the  system.  Some  of  the  collected  bacteria  is  re-aerosolized 
and  then  expelled  from  the  system  lowering  the  concentration  of  bacteria  in  the  solution.  Prior  to 
conducting  these  experiments  it  was  known  that  adding  autoclaved  deionized  water  to  maintain  a 
constant  volume  in  the  system  would  dilute  the  solution,  which  in  turn  would  lower  the 
concentration  of  bacteria.  This  study  as  well  as  the  preceding  studies  confirmed  this  by  showing 
that  for  longer  time  periods  that  the  system  ran,  the  lower  the  coneentration  of  microorganisms  in 
solution.  As  was  stated  earlier,  installing  an  isothermal  condenser  on  the  output  of  the  system 
and  draining  the  condensed  liquid  back  into  the  collection  bucket. 


Figure  82:  Number  of  E.  Coli  (CFU)  per  plate  in  the  controlled  collection  experiment 
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As  was  mentioned  earlier,  the  ISAVAC  system  is  designed  to  be  attached  to  the  air 
handling  system  of  building,  but  in  the  interest  of  collection  in  areas  where  a  more  portable 
collection  system  is  required,  work  on  a  scaled  down  version  of  the  ISAVAC  was  designed  and 
built  by  ISAVAC  Ideal  Atmospheres,  Inc.  As  shown  in  figure  83  below,  a  scaled  down  version 
approximately  a  third  of  the  size  of  the  original  ISAVAC  system  was  completed.  Initial  testing 
included  mechanical,  vibrational,  and  wear  testing  to  ensure  the  performance  of  the  system. 
Further  studies  to  determine  its  viability  as  a  collection  system  are  yet  to  be  conducted. 


Figure  83:  Scaled  down  version  of  ISAVAC  system  on  tabletop 
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1.3.1  Conclusions 


The  intent  of  this  project  was  to  investigate  the  development  of  a  broadband  bio-detection 
platform.  A  number  of  technologies  were  investigated  to  create  a  bio-detection  system  that 
would  have  the  ability  to  go  from  sample  collection,  to  sample  preparation,  to  detection,  and 
finally  analysis.  To  add,  this  entire  process  would  be  done  autonomously.  The  bio-detection 
system  was  based  on  its  unique  nature  of  being  bio-compatible.  In  order  to  develop  a  transducer 
output  signal  based  on  a  biological  detection  event,  a  link  needed  to  be  created  between  the 
Au/PSA  carbon  and  polymer  material,  and  a  number  of  different  biological  detection  elements.  It 
was  demonstrated  that  a  two  biological  sensing  elements  could  be  immobilized  onto  the  carbon 
and  polymer  material;  the  first  being  antibodies,  and  the  second  being  oligonucleotides.  A  new 
novel  detection  method  based  on  a  capacitor  model  to  measure  impedance  as  a  function  of 
oligonucleotide  hybridization  was  also  established. 

The  fabrication  of  the  CPMEMS  devices  was  also  accomplished  in  this  study,  which 
would  serve  as  the  eventual  broadband  transducer  that  would  bridge  the  biological  sensing  world 
to  the  electrical  signaling  world.  These  devices  were  fabricated  in  collaboration  with  BSI  who 
worked  on  alternative  methods  of  fabricating  the  CPMEMS  devices.  A  unique  sense  and  release 
technology  was  also  investigated  by  Crosslink  who  worked  with  a  conductive  polymer 
(polypyrrole)  to  embed  different  molecules  for  release  purposes.  It  was  demonstrated  through  the 
release  of  dyes  that  this  technology  has  the  potential  of  being  integrated  into  the  broadband 
CPMEMS  detection  platform  to  serve  as  a  second  detection  signal  or  as  an  analysis  tool  in  the 
event  of  bio-detection.  Lastly,  a  bio-collection  system  was  developed  to  capture  biological 
particles  from  air  and  concentrate  them  in  solution  for  detection. 
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